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1 Abstract 
 
Organozinc intermediates were characterized by NMR spectroscopy, electrical conductivity 
measurements, and especially electrospray ionization (ESI) mass spectrometry as a particulary 
useful tool to probe ionic intermediates.  
Solutions of butylzinc iodide in tetrahydrofuran, acetonitrile, and N,N-dimethylformamide were 
analyzed by ESI mass spectrometry. In all cases, microsolvated butylzinc cations ZnBu(solvent)n
+
, 
n = 1-3, were detected. The parallel observation of butylzincate anions ZnBuI2
–
 suggests that these 
ions result from disproportionation of neutral butylzinc iodide in solution. In the presence of simple 
bidentate ligands, chelated complexes ZnBu(ligand)
+
 formed quite readily. The gas-phase 
fragmentation of mass-selected ZnBu(ligand)
+
 led to the elimination of butene and formation of 
ZnH(ligand)
+
, whereas the micro-solvated cations ZnBu(solvent)n
+
 lost the attached solvent 
molecules to produce bare ZnBu
+
. This behavior mimicked the activation of organozinc reagents by 
chelating ligands in solution. In this case, ESI mass spectrometric experiments were able to provide 
a consistent picture of how solvation and chelation stabilized the butylzinc cation. 
However, ESI mass spectrometry is considered less suitable for quantitative analysis and thus offers 
only limited insight into the association and dissociation equilibria operative in solution. Therefore, 
a combination of ESI mass spectrometry, electrical conductivity measurements, and NMR 
spectroscopy was used to investigate the effect of LiCl on solutions of organyl zinc halides RZnX in 
tetrahydrofuran. The obtained results pointed to the formation of lithium organozincates Li
+
RZnX2
−
 
and the association constant derived for Li
+
BuZnCl2
–
 also suggests that at synthetically relevant 
concentrations the lithium organozincate complex predominates. 
After the characterization and determination of the association equilibria of these zinc reagents, 
their reactivity was investigated by kinetic measurements. ESI mass spectrometry was used to study 
the reactivity of organozinc iodides bearing a cationic quaternary ammonium group at a remote 
position. This approach permits a straightforward identification of the rate-limiting step of the 
probed Pd-catalyzed Negishi cross-coupling reaction and the determination of the corresponding 
second-order rate constant. 
For further kinetic measurements, Pd-catalyzed Negishi cross-coupling reactions were carried out in 
solution and analyzed by gas chromatography. Here the influence of added lithium salts, different 
BuZnX compounds and concentrations of the reacting compounds was examined to gain 
information about the rate-limiting step. The observed results point to the oxidative addition as the 
rate-limiting step. 
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2 Introduction 
 
2.1 Organozinc Reagents 
 
Since prehistoric times zinc compounds have found practical uses, but not until the 14
th
 century zinc 
was recognized as a metal.
1
 In the middle of the 19
th
 century the pioneering works of Edward 
Frankland
2,3
 marked the beginning of organozinc chemistry, as well as the birth of a larger field: 
organometallic chemistry.
4
 At first Frankland prepared diethylzinc by heating ethyl iodide with zinc 
metal in a sealed tube, which appeared to be a volatile colorless liquid that inflamed spontaneously 
upon contact with air.
2 
Until the discovery of the Grignard reagents around 1900 organozinc 
compounds were used extensively as alkylating agents in organic chemistry.
5
 The 
organomagnesium reagents were found to be more reactive species toward a broad range of 
electrophiles, though and afforded generally higher yields compared to organozincs. Therefore, in 
the following years only a few reactions with zinc organometallics found synthetic applications 
such as the Reformatsky reaction
6
 and the Simmons-Smith cyclopropanation.
7
 Their revival began 
in 1936 with the work of Hunsdiecker who carried out reactions of alkyl iodides with zinc dust to 
obtain the corresponding alkyl zinc iodides.
8
 According to this work a broad range of organozinc 
iodides could be synthesized at often elevated temperature and in polar solvents.
9
  
Further organozinc halides can be generated by the insertion of Zn into organic halides RX.
10
 As 
this reaction is relatively inefficient for commercially available Zn dust, several different ways of 
activating Zn have been developed.
11-15
 Among these, for a long time arguably the most important 
was Rieke’s method, which produces finely dispersed and highly active Zn* by the reduction of 
ZnX2 by Li in the presence of catalytic amounts of naphthalene (Scheme 2.1.1).
16
 Unless the active 
Zn* metal is carefully washed, the finally obtained ethereal solution of RZnX contains substantial 
amounts of LiX.  
 
ZnX2 2 Li Zn* 2 LiX RZnX 2 LiX
RX
 
 
Scheme 2.1.1. Rieke’s method to activate zinc and its reaction with organozinc halides 
 
More recently, Knochel and coworkers have demonstrated that stoichiometric amounts of LiCl 
greatly accelerate the insertion of Zn into organic halides, thus providing a very convenient and 
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[Pd] 
practical access to organozinc halides (Scheme 2.1.2).
17
 
 
RX RZnX  LiCl
LiCl
Zn  
 
Scheme 2.1.2. Preparation of organozinc halides by Knochel’s method. 
 
Although the most common syntheses of organozinc halides thus all produce these reagents in the 
presence of LiX, the possible role of the latter has been largely ignored
18
 until Knochel’s work on 
LiCl-promoted Zn insertion reactions has put them into the spotlight.  
Alternatively, a straightforward access to organozinc halides and diorganozinc compounds is given 
by transmetalation. The reaction of ethereal solutions of ZnX2 with one or two equivalents of 
organolithium reagents produces RZnX and R2Zn along with one or two equivalents of LiX, 
respectively (Eqs. 2.1.1 and 2.1.2). Similarly, organomagnesium compounds may also be used for 
transmetalation. 
 
ZnX2   +   RLi   RZnX   +    LiX     (2.1.1) 
ZnX2   +   2 RLi  R2Zn   +   2 LiX     (2.1.2) 
 
The outstanding advantages of these organozincs are the high tolerance of functionalities and the 
much improved chemoselectivity, compared to organolithium and organomagnesium compounds. 
Moreover, organozinc compounds are prone to undergo a large range of transmetalations due to the 
presence of empty low-lying p-orbitals that can interact with the d-orbitals of many transition metal 
salts.
19
 Therefore, they are ideally suited as reagents for cross-coupling reactions. Indeed, Negishi 
cross-coupling reactions
20
 constitute one of the most important and versatile methods in 
contemporary organic synthesis.
21,22
 This transformation uses organozinc halides RZnX (or the 
corresponding diorganozinc species R2Zn) as coupling reagents for organyl halides R'X (Eq. 2.1.3), 
and hence strongly benefits from recently developed methods to access highly functionalized 
organozinc compounds.
17,19
 
 
R'X   +   RZnX   →   R'R   +   ZnX2       (2.1.3) 
 
Negishi cross-coupling reactions are generally believed to follow the catalytic cycle common to the 
whole family of palladium-catalyzed transformations.
23
 The conventional catalytic cycle involves 
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the distinct elementary steps of oxidative addition, transmetalation, and reductive elimination 
(Scheme 2.1.3) and has been proven extremely useful for understanding the mechanism of 
palladium-catalyzed cross-coupling reactions and for their rational optimization. 
 
LnPd
R'
LnPd
X
R'
LnPd
R
R'X
RMMX
R'R
oxidative
addition
reductive
elimination
transmetalation  
 
Scheme 2.1.3. Conventional catalytic cycle of palladium-catalyzed cross-coupling reactions (L = 
ligand). In the case of Negishi cross-coupling reactions, RM = RZnX and ZnR2. 
 
Elucidating the actual mechanism of Negishi cross-coupling reactions and determining the nature of 
the organozinc reagents involved is rather difficult. In particular, the ability of metal centers to 
switch between different oxidation or coordination states and to engage in dynamic equilibria can 
dramatically complicate the situation. Several analytical techniques have been used to address this 
problem. Highly detailed and valuable structural information is given by X-ray crystallography. 
However, this method does not provide direct insight into the behavior of reactive intermediates in 
solution. In contrast, spectroscopic techniques can directly probe dissolved organometallic species. 
While NMR, IR, UV-Vis, and X-ray spectroscopy are suitable for the identification of reactive 
organometallic intermediates, the information obtained by these methods is not always sufficient for 
a full characterization of the system under investigation. Particularly, the distinction between 
different coordination and aggregation states can be challenging. An alternative approach, which 
may help to overcome these problems by providing unambiguous stoichiometric information, relies 
on electrospray-ionization (ESI) mass spectrometry.
24
 This method permits the transfer of ions from 
solution into the gas phase, thus allowing the sampling of dissolved charged organometallics in situ. 
It is therefore not surprising that ESI mass spectrometry has been applied to the analysis of 
numerous different organometallic systems. The successful detection of various charged 
organometallics, including rather labile ones,
25,26
 is consistent with the commonly accepted view 
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that ESI constitutes a relatively “soft” ionization technique, which transfers only limited amounts of 
energy into the probed ions and does not significantly change their nature.
27
 This assumption forms 
the basis on which properties of the solution-phase system are deduced from gas-phase 
measurements.  
 
2.2 Objectives 
 
The present thesis seeks to gain a comprehensive understanding of the aggregation and reactivity of 
organozinc compounds. To this end, different aspects of organozinc chemistry are investigated. 
The aim of the first project was to characterize butylzinc iodide compounds in the absence of LiCl 
via ESI mass spectrometry, with the intention to detect organozinc cations, as well as the already by 
Koszinowski and Böhrer detected organozinc anions.
28
 The use of different solvents such as THF, 
DMF and CH3CN and their influence on the stabilization of the organozinc species was sought to be 
examined as well (Chapter 4).  
Next, an investigation of the heterolytic dissociation of butylzinc iodide in the presence of bidentate 
ligands such as 1,2-dimethoxyethane (L1), N,N-dimethyl-2-methoxyethylamine (L2), and 
N,N,N′,N′-tetramethylethylenediamine (TMEDA) (L3) was attempted. The effect of added ligands 
to the stoichiometry and reactivity of organozinc compounds were sought to be explored by using 
ESI mass spectrometry and collision-induced dissociation (CID). (Chapter 5).  
The influence of LiCl on several organozinc compounds, analyzed by ESI mass spectrometry, has 
already been reported by Koszinowski and Böhrer.
28
 However, ESI mass spectrometry is considered 
less suitable for quantitative analysis and therefore, the determination of association and 
dissociation equilibria in solution is difficult. To solve this problem, different analytical methods 
such as NMR spectroscopy, electrical conductivity measurements and ESI mass spectrometry are 
applied to gain a more detailed picture of the influence of LiCl on organozinc compounds and the 
formation of zincates. Besides, LiCl does not only play an important role in organozinc chemistry 
but also in organomagnesium chemistry, thus the combination of mixed analytical methods may be 
employed for the analysis of an isopropylmagnesium chloride system as well (Chapter 6) (Scheme 
2.2.1).  
As a further project the zinc insertion reactions of geminal diiodides which were used in the well-
known Simmons-Smith reaction, are planned to be analyzed by ESI mass spectrometry. More 
information of the supposed carbene like character of these diiodides will possibly be gained 
(Chapter 7).  
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Scheme 2.2.1. Insertion reaction of zinc or magnesium into RX analyzed by a combination of 
analytical methods. 
 
Further studies aim at the detection of organozinc compounds with an overall positive charge, 
which should no be on the zinc center, using ESI mass spectrometry.  
These compounds may allow the observation not only of products, but also starting materials and 
hydrolysis products of the compounds involved in the zinc insertion reactions (Chapter 8) (Scheme 
2.2.2).  
 
Zn ESI–MSR3N
X
R3N
ZnX  
 
Scheme 2.2.2 Synthesis of organozinc reagents bearing a charged tag for structure elucidation via 
ESI mass spectrometry. 
 
At last, the influence of different LiX salts and butylzinc reagents on palladium-catalyzed Negishi 
cross-coupling reactions is studied (Scheme 2.2.3). The course of the reaction can be monitored by 
gas chromatography (Chapter 9). 
 
I
O
O BuZnX/LiX (4 eq)
Pd(OAc)2 (1 mol%)
THF, 273 K
O
O
SPhos (2 mol %)
Bu 
 
Scheme 2.2.3. Model reaction investigated. SPhos = 2-dicyclohexylphosphino-2',6'-dimethoxy-
biphenyl. 
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3 Experimental Section 
 
This chapter describes the methods of ESI mass spectrometry and gas chromatography in detail, the 
synthesis of the reagents and starting materials, including the sample preparation for the applied 
analyzing methods such as ESI mass spectrometry, electrical conductivity measurements, NMR 
spectroscopy and gas chromatography. 
 
3.1 Electrospray Ionization Mass Spectrometry (ESI-MS) 
 
3.1.1 Theory 
 
The basic principle of mass spectrometry is to generate ions from either inorganic or organic 
compounds, to separate these ions by their mass-to-charge ratio (m/z) and to detect them 
qualitatively and quantitatively by their respective m/z and abundance. The mass spectrometer 
consists of three different modules: an ion source, a mass analyzer and a detector. The prepared 
sample is introduced through an inlet to the ionization source. The analyte may be ionized by 
electric fields or by impacting energetic electrons, ions or photons. The source generates gas-phase 
ions, which are transferred to the mass analyzer for separation according to their mass-to-charge 
ratio. Static or dynamic electric or magnetic fields effect the ion separation. A detector registers and 
counts the arriving ions.
29
 
In this work two different instruments were applied using electrospray ionization (ESI) as ionization 
technique: a HCT quadrupole-ion trap mass spectrometer designed by Bruker Daltonik and a TSQ 
7000 multistage mass spectrometer from Thermo-Finnigan. 
 
Electrospray Ionization. In the 1960s Dole and co-workers
30
 developed electrospray as a 
technique for mass spectrometry and the process was improved by Yamashita and Fenn who 
coupled an electrospray source to a quadrupole mass analyzer in the 1980s.
31
 The latter was 
recognized for his work by the award of the Nobel Prize for Chemistry (2002). Despite the 
widespread adoption of ESI-MS as a technique especially for biochemical compounds, the 
technique was still viewed as a “black box” and several mechanisms were proposed for the process 
of ionization.
32
 
A dilute solution of an analyte is pumped through a capillary at a very low flow rate (0.1-10μL/min) 
and a high voltage is applied (2-5kV) to the capillary (Scheme 3.1.1). The voltage, which can be 
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either negative or positive, depending on the analytes chosen, provides the electric field gradient 
required to produce charge separation at the surface of the liquid. From the capillary tip, known also 
as “Taylor cone” the liquid protrudes and when the solution reaches the Rayleigh limit (this is the 
point at which Coulombic repulsion of the surface charge is equal to the surface tension of the 
solution) droplets containing an excess of positive or negative charge, respectively, detach from the 
capillary tip. Through the atmosphere these droplets shift to the entrance of the mass spectrometer 
and generate ions. One proposed mechanism for the electrochemical process of the ionization is 
known as the ion evaporation, which follows the assumption that the increased charge density, due 
to the solvent evaporation, eventually causes Coulombic repulsion to overcome the liquid`s surface 
tension and results in a release of ions from droplet surfaces.
27,32
 Regardless of the exact 
mechanism, ESI is a very soft means of ionization that causes little or no fragmentation of the 
sample.
32
 
 
 
Scheme 3.1.1. Schematic of the ionization electrospray process according to ref. 32. 
 
Analyzers. Mass analyzers separate the ions according to their mass-to-charge ratio using either 
static or dynamic fields, and magnetic or electric fields. Several mass analyzers are currently 
available: quadrupoles, time-of-flight (TOF) analyzers, magnetic sectors and, both Fourier 
transform and quadrupole ion traps. Mass spectrometers that have more than one analyzer are called 
Tandem (MS/MS) mass spectrometers and can be used for structural and sequencing studies.
29
 The 
mass spectrometers applied in this work operate with two different analyzers. The TSQ 7000 
instrument runs with a tandem quadropole which spatially divides the ions and the HCT ion trap 
includes a 3D-ion trap which separates the ions temporally. 
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Tandem quadrupole analyzer of the TSQ 7000 instrument. The basic design of the TSQ 7000 
instrument includes two independent mass analyzers (quadrupoles Q1 and Q2) arranged in tandem 
and separated by a collision cell (octopole O1).  
The quadrupoles consists of four parallel metal rods, set parallel to each other. Each opposing rod 
pair is connected together electrically, wheras a radio frequency voltage is applied between one pair 
of the rods and the other. A direct current voltage is then superimposed on the radio frequency 
voltage. Ions are accelerated out of the ion source along the z-axsis of the quadrupole between the 
rods. They experience forces in the x and y directions that cause them to oscillate toward and away 
from the rods. If the oscillation is too large the ions collide with the rods and do not reach the 
detector. Therefore, only ions of a certain mass-to-charge ratio m/z will reach the detector for a 
given ratio of voltages. This permits selection of an ion with a particular m/z or allows the operator 
to scan for a range of m/z-values by continuously varying the applied voltage.  
The first (Q1) and the second quadrupole (Q2) act as mass filters, and the octopole (O1) in the 
middle is employed as a collsion cell. This collision cell is a radio frequency-only octopole, using 
helium gas for collision induced dissociation of selected parent ions from Q1. Subsequent fragments 
are passed through to Q2 where they may be filtered or fully scanned.  
There are several operating modes available for the above described triple-quadrupole instrument: 
(a) The m/z ratios of the ions were established by scanning the first quadrupole mass filter. The ions 
then passed an 18 cm long octopole ion guide and a second quadrupole mass filter, which were set 
to transmit before reaching the detector. (b) For probing the unimolecular gas-phase reactivity of an 
ion of a particular m/z ratio, the first quadrupole mass filter was used to mass-select this ion. The 
mass-selected ion then passed the octopole. Argon was added as collision gas into the octopole to 
study the unimolecular reactivity of a mass-selected ion in a collision induced dissociation (CID). 
The m/z ratios of the product ions formed by CID were then established by scanning the second 
quadrupole mass filter before the ions reached the detector.
29,33
 
 
3D-ion trap of HCT ion trap. Quadrupole ion traps use similar operating principles to those of the 
standard quadrupole mass analyzer. The ion trap consists of two conical lens or electrodes, and one 
“donut-shaped“ ring lens. The ions are held between the conical lenses that form the caps of the trap 
and the center of the ring electrode. By lowering and raising the voltages on the entrance and exit 
trap electrode, ions can pass into the trap, be stored for some period of time (µs up to s), and then 
released to the detector.
29,34
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3.1.2 Experimental Part 
 
Applied settings for the TSQ 7000 multistage mass spectrometer (Thermo-Finnigan) 
Sample solutions (c  1-20 mM) were transferred into a gas-tight syringe and introduced into the 
ESI source of the instrument at flow rates of approx. 5-30 L min1 by means of a syringe pump. 
Particular care was taken to exclude or minimize contact of the organometallic samples with air. 
Traces of moisture or oxygen in the inlet system were eliminated by extensively flushing it with dry 
solvent (THF or DMF) before adding the organometallic sample. The sample solution entered the 
ESI source via a fused-silica tube (0.10 mm inner diameter). Stable electrospray conditions were 
usually achieved for ESI voltages ranging from 3.0 to 4.5 kV with nitrogen as a sheath gas (2.5 bar). 
The spray then passed through a heated capillary held at 333 K for THF solutions and 373 K for 
DMF solutions. This relatively low temperature yielded acceptable signal intensities while 
preventing excessive fragmentation of the potentially labile organozinc ions. Furthermore, the 
potential difference between the heated capillary and the following electrooptic lens was kept low to 
avoid strong acceleration of the ions and unwanted fragmentations due to energetic collisions with 
gas molecules present in the ESI source region. Similar ESI conditions were maintained for all 
experiments to ensure direct comparability.  
For probing the unimolecular gas-phase reactivity argon (Linde, 99.998%) was used as collision gas 
in the octopole (p(Ar) ≈ 0.6 mtorr as measured with a Convectron). The collision energy ELAB was 
controlled by adjusting the voltage offset of the octopole. These energies cannot be easily converted 
to collision energies in the center-of-mass frame because multiple collisions are likely at the typical 
argon pressure applied. The vacuum chamber of the mass spectrometer was held at T ≈ 343 K, and 
it is assumed that this temperature also describes the distribution of the internal energy of the 
neutral reactants. 
 
Applied settings for the HCT quadrupole-ion trap mass spectrometer (Bruker Daltonik). 
Sample solutions (c  5-40 mM) were transferred into a gas-tight syringe and introduced into the 
ESI source of the instrument at flow rates of approx. 5 L min1. To prevent moisture from entering 
the source, it was kept closed between experiments and constantly purged with dry N2 gas heated to 
573 K. Nitrogen was used as sheath gas (0.7 bar backing pressure) and an ESI voltage of  
3.0-4.0 kV was applied. The thus produced ions then passed a capillary, a skimmer, and two 
transfer octopoles before entering the quadrupole ion trap. Varying the voltage offsets of the 
capillary exit and the two transfer octopoles had significant effects. For most of the experiments, a 
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drying gas flow of 5.0 L min
−1
 of nitrogen heated to 373 K, a cap-exit voltage of Vcap-exit = 113 V, a 
skimmer voltage of Vskimmer = 40 V and a voltage offset of the first and second transfer octopoles of 
Voct1 = 12 V and Voct2 = 5 V, respectively, were applied. The ions were then transferred into the 
instrument’s three-dimensional quadrupole ion trap filled with helium (Air Liquide, 99.999% 
purity, estimated pressure p(He)  2 mtorr). The helium-filled quadrupole ion trap was operated at 
trap drive values of 15-35. For the gas-phase fragmentation experiments, the mass-selected ions 
(typical isolation widths of 3-4 amu) were subjected to excitation voltages with amplitudes of Vexc 
and allowed to collide with the helium gas. Only fragment ions whose m/z ratio is larger than 27% 
of that of their parent ion can be detected efficiently in the ion trap. The Compass 1.3 software 
package was used to operate the ions in the trap to afford their detection in simple MS experiments 
and their mass-selection, kinetic excitation, and detection in CID experiments.  
To avoid unwanted decomposition reactions, milder settings were used for the obtained spectra in 
Chapter 6 and 8.
35,36
 A drying gas temperature of 333 K, a capillary exit voltage of Vcap-exit = 20 V, a 
skimmer voltage of Vskimmer = 20 V, and a voltage offset of the first and second transfer octopoles of 
Voct1 = 5 V and Voct2 = 1.7 V, respectively, were applied. 
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3.2 Gas Chromatography 
 
3.2.1 Instrument Overview 
 
Gas chromatography is used in analytical chemistry for separating and analyzing mixtures of 
compounds that can be vaporized without decomposition. The gas chromromatograph TRACE GC 
Ultra (Thermo Electron Corporation) was applied and the prepared samples were measured using an 
autosampler. As carrier gas nitrogen was used and the flow rate of the carrier gas was carefully 
controlled to ensure reproducible retention times and to minimize detector drift and noise.
37
 The 
carrier gas entered the injector. The Merlin Microseal™ High Pressure Valve Septum acted as a 
junction through which the injector syringe needle may pass to deliver the sample into the injection 
port. The advantage of this septum is that it has no membrane, which can easily be destroyed and 
automatically opens at injection. After the injection of the analyte, it was vaporized in the heated 
injection port and carried into the column (diameter: 0.25 mm, length: 25 m, stationary phase: fused 
silica). The sample partitioned between the mobile and the stationary phases and it was separated 
into individual components. The column oven permitted a quick heating up and cooling down of the 
column inside, wheras the temperature capacity of the oven lies at 723 K, but the maximal 
temperature of the column should not be exceeded, which is about 553 K. The sample and the 
carrier gas passed now through a Flame Ionization Detector (FID), which is one of most widely 
used GC detectors and is characteristic for high sensitivity and robustness. FID responds to all 
organic compounds that burn in the oxy-hydrogen flame. This device measured the quantity of the 
sample and produced an electrical signal which went to a data system generating a chromatogram.
37
 
 
3.2.2 Experimental Part 
 
As model reaction for the kinetic measurements, the cross-coupling of butylzinc reagents with 
ethyl 4-iodo-benzoate catalyzed by Pd(OAc)2/SPhos was probed (Scheme 3.2.2.1).  
Samples from the reaction mixture were treated with an aqueous solution of NH4Cl and analyzed by 
gas chromatography with undecane as an internal standard (Figure 3.2.2.1). 
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Scheme 3.2.2.1 Negishi cross-coupling model reaction. 
 
 
Figure 3.2.2.1 Example of a measured chromatogram with the TRACE GC Ultra. The peak labelled 
a was characterized as benzoic acid ethyl ester (9.4) and b as biphenyl-4,4'-dicarboxylic acid diethyl 
ester (9.3). 
 
The abundances of reactant ethyl 4-iodo-benzoate (9.1), the cross-coupling product ethyl 4-butyl-
benzoate (9.2), the homo-coupling product biphenyl-4,4'-dicarboxylic acid diethyl ester (9.3) and 
the dehalogenation product benzoic acid ethyl ester (9.4) were determined by comparing their 
integrated measured peak areas (normalized to that of the internal standard) to calibration curves for 
authentic samples of these substances. Several calibration curves for the reagent 9.1 (Figure 
3.2.2.2.A), product 9.2 (Figure 3.2.2.2.B) and the side products 9.3 and 9.4 (Figure 3.2.2.3) were 
prepared and the mean values were used for the calculations.  
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B A 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.2.2.A. Calibration curves of the reactant ethyl 4-iodo-benzoate (9.1) determined by gas 
chromatograph analysis. The plot shows the integration area of the reactant ethyl 4-iodo-benzoate 
(E) divided by the integration area of the standard (S) versus the concentration of the reactant E. B. 
Calibration curves of the product 4-butyl-benzoic acid ethyl ester (9.2) determined by gas 
chromatograph analysis. The plot showed the integration area of the product 4-butyl-benzoic acid 
ethyl ester (P) divided by the integration area of the standard (S) versus the concentration of the 
product (P). 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.2.3 Calibration curves of the side products benzoic acid ethyl ester (9.3, labelled as a, 
crosses) and biphenyl-4,4'-dicarboxylic acid diethyl ester (9.4, labelled as b, open and filled 
diamonds and filled circles) determined by gas chromatograph analysis. The plot shows the 
integration area of the reagent X (X = reagent 9.3 or 9.4) divided by the integration area of the 
standard (S) versus the concentration of the respective reagent X. 
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3.3 Synthesis 
 
3.3.1 General Considerations 
 
In all cases standard Schlenk techniques were applied in flame-dried glassware under an argon 
atmosphere to exclude moisture and oxygen. Gas-tight syringes were used to transfer exact 
quantities of solutions under the exclusion of moisture and oxygen. 
 
Solvents 
 
CH3CN (acetonitrile) was refluxed over phosphorus pentoxide for 1 h, distilled twice, and stored 
over 3 Å molecular sieves under argon. 
Et2O (diethylether) was predried over CaCl2 and dried with the solvent purification system SPS-
400-2 from INNOVATIVE TECHNOLOGIES INC or was freshly distilled from sodium 
benzophenone ketyl under argon. 
DMF (dimethylformamide) was used as received (Acros Organics, extra dry, over molecular sieves, 
water content < 50 ppm. 
THF (tetrahydrofuran) was freshly distilled from sodium benzophenone ketyl under argon. 
THF-d8 (tetrahydrofuran) (euriso-top, 99.50% D) was distilled and stored over molecular sieves 
(4 Å) under argon at 278 K in the dark. 
 
Analytical data  
 
Infrared Spectroscopy. Infrared spectra were recorded from 4000-400 cm
−1
 on a Perkin 281 IR 
spectrometer. Samples were measured neat (ATR, Smiths Detection DuraSample IR II Diamond 
ATR). The absorption bands were reported in wave numbers (cm
−1
) and labeled as vs = very strong, 
s = strong, m = medium, and w = weak. 
Mass spectrometry. Mass spectra were recorded on a Finnigan MAT 95Q or Finnigan MAT 90 
instrument for electron impact ionization (EI), as well as high resolution mass spectra (HRMS).  
Chromatography. Flash column chromatography was performed using SiO2 60 (0.04 - 0.063 mm, 
230 - 400 mesh) from Merck. Thin layer chromatography (TLC) was performed using aluminium 
plates coated with SiO2 (Merck 60, F-254). The spots were visiualized by UV-light. 
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Nuclear Magnetic Resonance Spectroscopy. NMR spectra were recorded on Varian Mercury 200, 
Bruker AC 300, WH 400, or AMX 600 instruments. Chemical shifts are reported as δ-values in 
ppm relative to the solvent signal (in the case of THF-D8: 
1
H  1.73 ppm). At room temperature, 
7
Li NMR spectra were recorded with a 400-MHz JOEL EX-400 instrument, calibrated to LiCl in 
water. For the characterization of the observed signal multiplicities the following abbreviations are 
used: s (singlet), d (doublet), t (triplet), dd (doublet of doublet), dt (doublet of triplet), m (multiplet), 
q (quartet), quint (quintet), sxt (sextet), as well as br (broad).  
Electrical Conductivity Measurements. A classical method has been used here to study the status 
of ion association and solvation in electrolyte solutions. The knowledge of the state of association 
of the analyzed systems and their interactions with the solvent molecules is important for the 
understanding of reaction mechanisms. Such studies are perfectly complemented with non-
quantitative ESI mass experiments. 
The electrical conductivity measurements were performed with a CDM230 instrument (Radiometer 
Analytical) and a standard platinum-electrode cell (cell constant cell = 1 cm
−1
) or a SevenMulti 
instrument (Mettler Toledo) and a stainless steel-electrode cell (InLab741, Mettler Toledo, 
cell = 0.1 cm
−1
). Both instruments were calibrated against 0.100 M solutions of aqueous KCl. 
 
Reagents 
 
Commercially available reagents were used without further purification unless otherwise stated.  
 
LiX (X = Cl, Br, I) was rigorously dried by prolonged heating under vacuum at 473 K. After 
cooling to 298 K dry THF (c = 0.5 M) was added and the mixture was stirred for 24 h. 
ZnX2 (X = Cl, Br, I) was rigorously dried by prolonged heating under vacuum at 423 K. After 
cooling to 298 K dry THF (c = 0.5 M or 1.0 M) or diethylether (c = 0.5 M or 1.0 M) was added and 
the mixture was stirred for 24 h. 
MgCl2 was dried under vacuum at 573 K for several hours, anhydrous THF (c = 0.5 M) was added 
and the mixture was stirred at 323 K for 20 h. 
nBuLi was purchased as a solution in hexane from Chemetall Gmbh (Frankfurt, Germany). 
PhLi was purchased as a solution in dibutylether from Sigma-Aldrich Chemie Gmbh (Steinheim, 
Germany). 
NaHMDS and LiHMDS were purchased as a solution in THF (1.00 M) from Sigma-Aldrich 
Chemie Gmbh (Steinheim, Germany). 
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The concentration of organolithium reagents was determined by titration with dibenzyl 
tosylhydrazone.
38
 
 
3.3.2 Synthesis and Sample Preparation of Organozinc Reagents 
 
General Procedure 1 (GP1). Synthesis of organozinc halides RZnX via direct Zn insertion 
reaction. 
A flask loaded with zinc dust (1.4 eq) was flame-dried under high vacuum and allowed to cool 
down under argon atmosphere. The procedure was repeated twice and the corresponding solvent 
was added. The zinc was activated by the addition of 1,2-dibromoethane (3 mol%) followed by a 
short boiling-up of the suspension, and of chlorotrimethylsilane (2 mol%), followed again by a 
short boiling-up. The substrate (1 eq) was added dropwise and the suspension was stirred overnight 
at room temperature. The remaining zinc powder was allowed to settle and iodometric titration
39
 
determined the yield of organozinc species of the supernatant solution. 
Note that the thus produced organozinc reagents may contain small amounts of extra halide ions 
originating from the 1,2-dibromoethane and chlorotrimethylsilane additives (on the basis of the 
employed reagent quantities, maximum extra bromide and chloride contents of 0.09 and  
0.03 eq, respectively, can be calculated). These extra halide ions presumably form ZnX2 salts, 
which are supposed to have only small effects on organozinc halides other than reducing their 
stability.
40
 
 
Preparation of alkylzinc iodide RZnI (R = Me, iPr, Bu). 
According to GP1, the zinc reagents were prepared from alkyl iodides RX (R = Me, iPr, Bu)  
(5.0 mmol, 1 eq) and Zn dust (7.0 mmol, 1.4 eq) in the corresponding solvent (c = 1 M, THF,  
THF-D8, acetonitrile, or DMF, respectively) at room temperature for 12 h. Titration against iodine
39 
determined the yield of alkylzinc of the supernatant solution to 89% for THF, 96% of butylzinc 
iodide in acetonitrile, and 79% of butylzinc iodide in DMF (average of two independent 
experiments in each case). 
 
Preparation of benzylzinc bromide BnZnBr. 
Solutions of benzylzinc bromide or m-methylbenzylzinc bromide in THF were prepared according 
to the method of Berk et al.
11
 A flame-dried Schlenk flask was charged with zinc dust (7.0 mmol, 
1.4 eq) and dry THF (c = 1 M). Then, 1,2-dibromoethane (3 mol%) was added and the mixture was 
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heated until evolution of bubbles of ethylene and darkening of the zinc surface indicated activation. 
The reaction mixture was cooled to 273 K and benzyl bromide or m-methylbenzyl bromide 
(5.0 mmol, 1 eq), respectively, was slowly added. The reaction mixture was allowed to warm up to 
room temperature and stirred for 12 h. 
 
General Procedure 2 (GP2). Preparation of RZnX. LiCl-mediated zinc insertion. 
RZnX/(LiCl)n reagents were generated as described above (GP1), but with n equivalents of LiCl 
added (n = 0.125, 0.5, 1, 2, 5). A dry, argon-flushed Schlenk flask was charged with LiCl and 
heated with a heat gun under high vacuum for 5 min. The flask was flushed with argon and was 
allowed to cool down. The procedure was repeated twice followed by the typical procedure of GP1.  
 
Preparation of BuZnI/LiCl. 
BuZnI/(LiCl)n reagents were generated from butyl iodide as described in GP2, with n equivalents of 
LiCl added (n = 0.125, 0.5, 1, 2, 5). The yield, determined by iodometric titration, amounted 92 to 
98% for all buyl zinc species. 
 
Preparation of BnZnBr/LiCl. 
According to GP2 BnZnBr/(LiCl)n reagents were generated form benzyl bromide and n equivalents 
of LiCl (n = 0.5, 1, 2). The concentration was determined by iodometric titration (93-96% yield). 
 
Synthesis of Bu2Zn.
41
  
 
Zn  
 
A flame-dried flask under argon atmosphere was charged with a solution of BuLi in hexane (2.4 M) 
and the solvent was removed at 273 K under reduced pressure. To the yellow residue was slowly 
added a solution of ZnCl2 in diethyl ether (1.0 M, 0.5 eq) at 195 K before the reaction mixture was 
allowed to warm up to room temperature. After stirring for 15 h in the dark, the resulting 
suspension was subjected to centrifugation (1 h, 2000 rpm). The clear supernatant solution was 
separated and freed from diethyl ether under reduced pressure. Further purification could be 
achieved by distillation under high vacuum to give Bu2Zn as a colorless oil (65% yield), whose 
1
H NMR spectroscopic properties (
1
H NMR (200 MHz, 296 K, C6D6)  (ppm) 0.35 (t, J = 7.7 Hz, 
4H, CH2Zn), 1.08 (t, J = 7.2 Hz, 6H, CH3), 1.45-1.63 (m, 4H CH3CH2), 1.78-1.93 (m, 4H 
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CH2CH2Zn) agreed with those reported in the literature reasonably well.
42
 Solutions of Bu2Zn in 
THF or THF-D8 (1.3 M, exact determination by iodiometric titration),
39
 respectively, were stored 
under argon in the dark and found stable to degradation for > 2 weeks. 
 
Preparation of BuZnX and BuZnX/(LiX)n via Bu2Zn. 
A combination of measured quantities of Bu2Zn solutions (1 eq) with 1 eq of ZnX2 (X = Cl, Br, I) 
in THF was stirred for 15 min to produce solutions of BuZnX. Reagents of RZnX/(LiX)n were 
generated as described above, but with n equivalents of LiX added (X = Cl, Br, I, ClO4 and n = 0.5, 
1, 2, 5). 
 
Synthesis of Ph2Zn.  
 
Zn
 
 
A flamed dried flask was charged with PhLi in Bu2O (1.9 M) under argon. A solution of ZnCl2 in 
diethyl ether (1.0 M, 0.5 eq) was slowly added at 223 K. After stirring for 3 h in the dark, the 
resulting suspension was subjected to centrifugation (30 min, 2000 rpm). The light-yellow colored 
solution was separated from the colorless precipitate and the solvent was removed under reduced 
pressure at 323 K. Sublimation (reduced pressure, 453 K) gave Ph2Zn as a colorless powder (55% 
yield), whose 
1
H NMR spectroscopic properties (
1
H NMR (200 MHz, 296 K, THF-d8)  (ppm) 
6.95-7.10 (m, 6H, ArZn), 7.66-7.71 (m, 4H, ZnCCH) agreed with those reported in literature.43 
Solutions of Ph2Zn in THF (0.25 M) were stored under argon in the dark and found stable to 
degradation for > 3 weeks. 
 
Preparation of PhZnBr and PhZnBr/(LiCl)n via Ph2Zn. 
Solutions of PhZnBr were prepared by a combination of Ph2Zn (1 eq) with ZnBr2 (1 eq) and stirring 
for 24 h. PhZnBr/(LiCl)n reagents were generated as described above, but with n (n = 0.5, 1, 2) 
equivalents of LiCl added. 
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Rieke zinc method. Preparation of 2-D,D-butylzinc bromide (5.2). 
 
ZnBr
D D  
 
In a dry and argon flushed tube lithium granulates (42 mg, 6.0 mmol, 1.4 eq) and naphthalene 
(768 mg, 6.0 mmol) were placed in THF (3 mL) and stirred until the lithium was completely 
dissolved and the color of the reaction mixture changed to dark green. A solution of ZnCl2 in THF 
(3 mL, 1.0 M) was added dropwise and stirred for 5 min. The reaction mixture was centrifuged and 
the supernatant was removed. Then the precipitation was washed with THF (5 ml), centrifuged and 
the liquid excess was dismissed again. This procedure was repeated 3 times to remove the lithium 
salts. A solution of 2-D,D-butyl bromide44 in THF (2 mL, 1.0 eq) was added and the reaction 
mixture stirred overnight. 
 
Sample Preparation of Organozinc Compounds RZnX/(LiCl)n and Bu2Zn/(LiCl)n for 
Electrical Conductivity Measurements.  
In a first set of experiments, the specific conductivities of solutions of BuZnI in THF containing 
variable amounts of LiCl were measured. Performing these experiments by titration of a solution of 
BuZnI with a solution of LiCl and monitoring the increase in conductivity proved impractical 
because of the occurrence of hydrolysis reactions, despite the use of flame-dried glassware and 
careful observation of Schlenk techniques (hydrolysis of > 25% of the original BuZnI as determined 
by iodometric titration of the sample solution). Instead, sample solutions of preformed 
BuZnX/(LiCl)n (X = Cl, Br, I; n = 0, 0.50, 1.00, and 2.00, respectively, c = 0.157 M) in THF were 
analyzed (one data point per sample solution), which minimized the transfer of solutions via gas-
tight syringes and reduced the extent of hydrolysis (as determined by iodometric titration for each 
sample solution).
39
 The same method was also used for measurements of BnZnBr, PhZnBr, Bu2Zn, 
ZnCl2, and ZnBr2 solutions containing various amounts of LiCl. In this way, the extent of 
hydrolysis could be reduced to less < 10% for the BuZnI and Bu2Zn reagents and < 5% for the other 
organozinc samples. 
In a second set of experiments, the specific conductivities of BuZnI/LiCl solutions in THF were 
measured at different concentrations. These experiments were performed by adding portions of 
BuZnI/LiCl stock solutions to pure THF and monitoring the increase in conductivity. Because for 
these measurements the occurrence of hydrolysis reactions could not be rigorously excluded, 
additional experiments analyzed solutions of BuZnI/LiCl at fixed concentrations of c = 5.2, 9.6, 22, 
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39, and 76 mM, respectively (one data point per sample solution). For the sample solutions with 
concentrations c > 5.2 mM, iodometric titration39 showed that < 8% of the BuZnI was hydrolyzed 
whereas no reliable determination was possible for the lowest concentration. Control experiments 
also probed solutions of pure LiX in THF. All conductometric measurements were performed at 
258.15 ± 0.10 K in order to slow down interfering hydrolysis reactions.
45
 
 
Sample Preparation of Organozinc Compounds BuZnX/(LiCl)n and Bu2Zn/(LiCl)n for NMR 
Spectroscopy.  
Defined quantities of BuZnX (X = Cl, Br, I) or Bu2Zn, respectively, in THF-D8 and a solution of 
LiCl in THF-D8 were added through rubber caps into flame-dried NMR tubes filled with argon. To 
determine the exact concentration of intact BuZnX in the probed samples, the amount of BuH 
formed by hydrolysis (due to residual traces of moisture) was derived from the ratio of the 
integrated 
1
H signals. Only 
1
H NMR experiments with < 25% hydrolysis (with respect to the initial 
concentration of the butylzinc reagent) were considered for further analysis although the 
1
H 
chemical shifts of samples with higher percentages of hydrolysis did not show significant deviations 
(at similar LiCl concentrations).  
 
3.3.3 Synthesis and Sample Preparation of Organomagnesium Reagents 
 
Synthesis of iPrMgCl/(LiCl)n.
46
  
Magnesium turnings (1.2 eq, 0.32 mol) and anhydrous LiCl (n = 0.0, 0.5, 1.0, and 2.0 eq), were 
placed in a dry three necked flask equipped with an argon inlet, a dropping funnel, and a 
thermometer. The magnesium was covered with a small amount of THF (20 mL) and a mixture of 
isopropyl chloride (1 eq, 0.3 mol) in THF (110 mL) was added dropwise at a temperature below 
318 K to get a grey solution. The reaction mixture was stirred overnight at room temperature and 
the remaining magnesium was allowed to settle down. The concentration was determined by 
iodometric titration (90-95% yield).
39 
 
Preparation of BuZnX/(MgCl2)0.5 solutions. 
According to GP1, solutions of BuZnI/(MgCl2)n could be prepared if 0.5 M MgCl2 solutions instead 
of pure THF or THF-D8, respectively, were employed. In the case of BuZnI/MgCl2, the formation 
of a colorless precipitate in addition to remaining Zn powder indicated that not all of the MgCl2 
remained soluble. Titration of a hydrolyzed aliquot of the nominal BuZnI/MgCl2 solution with 
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ethylenediaminetetraacetate determined the overall concentration of dissolved divalent metal to 
c = 0.75 M. Together with the iodometrically determined concentration of the active butylzinc 
species, this result indicated an approx. stoichiometry of BuZnI/(MgCl2)0.5 of the dissolved reagent. 
BuZnCl/(MgCl2)0.5 could be prepared from Bu2Zn, ZnCl2 and a 0.5 M MgCl2 solution in THF and 
the stoichiometry was determined in an analogous manner.  
 
Sample Preparation of iPrMgCl/(LiCl)n and MgCl2/(LiCl)n  
 
Electrical Conductivity Measurements. Two different methods were used to prepare the 
iPrMgCl/(LiCl)n solutions. The first measurements were performed by a titration of iPrMgCl (c = 
0.150 M) with a solution of LiCl and the increase in conductivity was monitored. For the second set 
of experiments, preformed solutions of iPrMgCl/(LiCl)n (n = 0.0, 0.5, 1.0, and 2.0, respectively, c = 
0.150 M) were analyzed. Both procedures revealed a high amount of hydrolysis reactions. 
Concentrations up to 45% lower than the starting concentrations were determined by iodometric 
titrations, despite Schlenk techniques and the use of dried reagents and glassware. This problem was 
solved by increasing the concentration up to c = 0.300 M and analyzing preformed solutions of 
iPrMgCl/(LiCl)n. In this way, the extent of hydrolysis could be reduced to less < 10%. All 
conductometric measurements were performed at 258.15 ± 0.10 K and 298.15 ± 0.10 K. Additional 
experiments of MgCl2/(LiCl)n (n = 0.0, 0.5, 1.0, or 2.0, c = 0.300 M) were accomplished by a 
titration experiment of MgCl2 with a solution of LiCl at 298.15 ± 0.10 K.  
NMR Spectroscopy. In a first set of experiments, NMR spectra of iPrMgCl in THF-D8 containing 
variable amounts of LiCl were measured. Performing these experiments by titration of a solution of 
iPrMgCl with a solution of LiCl in THF-D8 proved impractical because of the occurrence of 
hydrolysis reactions (hydrolysis of > 50% of the original iPrMgCl concentration as determined by 
iodometric titration of the sample solution). Instead, sample solutions of preformed iPrMgCl/(LiCl)n 
(n = 0.0, 1.0, and 5.0, respectively, c = 0.300 M) in THF-D8 were analyzed, which reduced the 
extent of hydrolysis (as determined by iodometric titration for each sample solution).
39
 
Additionally, solutions of preformed BuZnX/(MgCl2)0.5 (X = Cl, I; n = 0 and 0.5, c ≈ 0.040 M) in 
THF-D8 were analyzed. 
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3.3.4 Synthesis of Geminal Diiodides 
 
General Procedure 3 (GP3). Preparation of the precursor reagents 1-iodooctane and (3-
iodopropyl)-benzene.
47
 
The respective alcohol was dissolved in dichloromethane and then triphenylphosphine (1.10 eq) and 
imidazole (4.00 eq) were added at room temperature. After the addition of iodine (1.10 eq) at 273 K 
the reaction mixture turned yellow and was stirred for 10 min. The reaction mixture was allowed to 
warm up to room temperature and after 2 h stirring the reaction mixture was quenched with 
saturated aqueous ammonium chloride solution. The reaction solution was extracted 3 times with 
CH2Cl2 and the combined organic layers were washed with saturated ammonium carbonate solution 
and dried over MgSO4. Removal of the solvent in vacuo and purification of the crude product via 
flash-chromatography (silica, CH2Cl2) afforded the analytically pure product. 
 
1-Iodooctane (7.1) 
 
I 
 
According to GP3, octan-1-ol (542 mg, 4.16 mmol, 0.84 g/mL) was allowed to react with imidazole 
(1.13 g, 16.16 mmol), triphenylphosphine (1.20 g, 4.58 mmol) and iodine (1.16 g, 4.58 mmol) in 
CH2Cl2 (20 mL) for about 2 h. Flash column chromatographical purification (silica, CH2Cl2) gave 
7.1 as an orange oil (530 mg, 2.22 mmol, 53%). 
 
1
H-NMR (300 MHz, CDCl3) δ (ppm) = 0.88 (t, J = 6.0 Hz, 3H, CH3), 1.01-1.60 (m, 10H, CH2), 
1.82 (quint, J = 7.5 Hz, 2H, CH2CH2I), 3.19 (t, J =7.1 Hz, 2H, CH2I,). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = 7.56 (CH2I), 14.25 (CH3), 22.78 (CH2CH3), 28.67 (CH2-
Gruppe), 29.25 (CH2-Gruppe), 30.67 (CH2), 30.67 (CH2), 31.91 (CH2), 33.72 (CH2CH2I).  
MS (70 eV, EI): m/z (%): 240 (M+, 7), 155 (C2H4I
+
, 12), 113 (C8H17
+
, 15), 71 (C5H11
+
, 100). 
HRMS m/z: calc. for C8H17I 240.0375, found 240.0370. 
IR (ATR): 

˜  (cm–1) = 721 (w), 1170 (m), 1204 (m), 1465 (m), 2853 (s), 2924 (vs), 2956 (m). 
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3−Iodopropylbenzene (7.2) 
 
I
 
 
3-Phenylpropan-1-ol (6.08 g, 44.70 mmol, 1.01 g/mL) was allowed to react with imidazole 
(12.18 g, 178.68 mmol), triphenylphosphine (15.89 g, 49.17 mmol) and iodine (12.49 g, 49.17 
mmol) in CH2Cl2 (200 mL) for about 2 h, according to GP3. Flash column chromatographical 
purification (silica, CH2Cl2) afforded 7.2 as an orange oil (7.71 g, 31.34 mmol, 70%) 
 
1
H-NMR (300 MHz, CDCl3) δ (ppm) = 2.25 (quint, J = 7.0 Hz, 2H, CH2CH2I), 2.75 (t, J = 7.3 Hz, 
2H, Ar-CH2), 3.19 (t, J = 6.8 Hz, 2H, CH2I,), 7.39-7.16 (m, 5H, ArH). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = 6.13 (CH2I), 34.61 (CH2CH2I), 35.93 (ArCqCH2), 125.89 
(ArCH para), 128.21 (ArCH), 128.30 (ArCH), 140.12 (ArCq). 
MS (70 eV, EI): m/z (%): 246 (M+, 35), 119 (C9H11
+
, 26), 91 (C7H7
+
, 100). 
HRMS m/z: calc. for C9H11I 245.9905, found 245.9901. 
IR (ATR): 

˜  (cm–1) = 696 (s), 739 (m), 1212 (m), 1453 (m), 1496 (m), 1871 (w), 2933 (m), 3026 
(m). 
 
General Procedure 4 (GP4). Formation of geminal diiodides with NaHMDS as base.
48
 
In a dry argon-flushed Schlenk-flask a solution of CH2I2 (5.00 eq) in THF was added dropwise to a 
solution of sodium hexamethyldisilazide (NaHMDS) (5.00 eq) in THF and ether at 183 K in an 
ethanol/liquid nitrogen bath. The color of the reaction solution changed from yellow to red-orange. 
Note that when the reaction mixture was brown, the addition of the diiodomethane was too fast and 
no geminal-diiodide was formed. After 20 min, a solution of the iodide in THF was added 
dropwise. The reaction mixture was allowed to warm slowly to room temperature over 16 h in the 
dark. Water was added and the mixture was extracted with CH2Cl2. The combined organic layers 
were washed with water and dried over MgSO4. The solvent was removed under reduced pressure 
and purification by flash chromatography furnished the geminal diiodides. 
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1, 1-Diiodononane (7.3) 
 
I
I
 
 
According to GP4, the NaHDMS solution (14.47 g, 78.95 mmol, 1.00 M in THF, 5.00 eq) in THF 
(47.00 mL) and ether (126.00 mL) was allowed to react with diiodomethane (21.15 g, 78.95 mmol, 
3.33 g/mL, 5.00 eq) in THF (19.00 mL) and 1-iodooctane (7.1) (3.79 g, 15.79 mmol, 1.32 g/mL) in 
THF (32.00 mL). Purification by flash chromtagraphy (silica, isohexane) yielded 7.3 as dark red oil 
(4.80 g, 12.65 mmol, 80%). 
 
1
H-NMR (300 MHz, CDCl3) δ (ppm) = 0.88 (t, J = 6.8 Hz, 3H, CH3), 1.15-1.50 (m, 13H, CH2), 
2.28-2.43 (m, 2H, CH2CHI2), 5.11 (t, J =6.5 Hz, 1H, CHI2,). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = –24.83 (CHI2), 14.26 (CH3), 22.79 (CH2CH3), 27.77 (CH2-
Gruppe), 29.30 (CH2), 29.46 (CH2), 31.93 (CH2), 31.96 (CH2), 48.47 (CH2CHI2).  
MS (70 eV, EI): m/z (%): 380 (M+, 5), 155 (C2H4I
+
, 12), 253 (C9H18I
+
, 38), 69 (C5H9
+
, 100). 
HRMS m/z: calc. for C9H18I2 379.9498, found 379.9496. 
IR (ATR): 

˜  (cm–1) = 618 (m), 721 (w), 1180 (m), 1119 (m), 1463 (m), 2851 (s), 2922 (vs), 2953 
(m). 
 
1, 1-Diiodobutane (7.4) 
 
I
I 
 
The NaHDMS solution (8.25 g, 45.00 mmol, 1.00 M in THF, 5.00 eq) in THF (27.00 mL) and ether 
(72.00 mL) was mixed with diiodomethane (12.05 g, 45.00 mmol, 3.33 g/mL,  
5.00 eq) in THF (14.00 mL) and 1-iodopropane (1.53 g, 9.00 mmol, 1.78 g/mL) in THF 
(18.00 mL), according to GP4. Purification by flash chromtagraphy (silica, isohexane) gave 7.4 as 
dark red oil (0.85 g, 2.74 mmol, 30%). 
 
1
H-NMR (600 MHz, CDCl3) δ (ppm) = 0.96 (t, J = 7.4 Hz, 3H, CH3), 1.40-1.50 (m, 2H, CH2CH3), 
2.26-2.40 (m, 2H, CH2CHI2), 5.13 (t, J =6.6 Hz, 1H, CHI2). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = –25.50 (CHI2), 12.18 (CH2CH3), 25.33 (CH3), 50.36 
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(CH2CHI2).  
MS (70 eV, EI): m/z (%): 310 (M+, 23), 183 (C4H8I
+
, 100), 55 (C4H7
+
, 90). 
HRMS m/z: calc. for C4H8I2 309.8715, found 309.8714. 
IR (ATR): 

˜  (cm–1) = 616 (w), 744 (m), 869 (w), 1071 (m), 1101 (vs), 1190 (m), 1234 (m), 1248 
(m), 1460 (m), 2870 (s), 2928 (s), 2957 (vs). 
 
4,4-Diiodobutylbenzene (7.5) 
 
I
I  
 
According to GP4, the NaHDMS solution (5.50 g, 30.00 mmol, 1.00 M in THF, 5.00 eq) in THF 
(18.00 mL) and ether (48.00 mL) was allowed to react with diiodomethane (8.04 g, 30.00 mmol, 
3.33 g/mL, 5.00 eq) in THF (7.00 mL) and 3-iodopropylbenzene (7.2) (1.48 g, 6.00 mmol) in THF 
(12.00 mL). Flash column chromatographical purification (silica, isohexane) afforded 7.5 as an 
orange oil (1.54 g, 4.01 mmol, 67%) 
 
1
H-NMR (300 MHz, CDCl3) δ (ppm) = 1.85-1.71 (m, 2H, CH2CH2CHI2), 2.33-2.45 (m, 2H, 
CH2CHI2), 2.68 (t, 2H, J = 7.6 Hz, CH2Cq), 5.11(t, J =6.6 Hz, 1H, CHI2), 7.12-7.41 (m, 5H, ArH). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = –26.00 (CHI2), 33.58 (CH2), 33.95 (CH2), 47.72 
(CH2CHI2), 126.25 (ArCH para), 128.50 (ArCH), 128.62 (ArCH), 141.36 (ArCq). 
MS (70 eV, EI): m/z (%): 386 (M+, 28), 131 (C10H11
+
, 100). 
HRMS m/z: calc. for C10H12I2 385.9028, found 385.9007. 
IR (ATR): 

˜  (cm–1) = 696 (ss), 748 (m), 1087 (s), 1452 (m), 1495 (m), 1745 (w), 2854 (m), 2936 
(m), 3024 (m). 
 
Preparation of 1,1,4-Triiodobutane (7.6) with LiHMDS as base.
49
 
 
I
I
I
 
 
In a dry argon-flushed Schlenk flask lithium hexamethyldisilazide (LiHMDS) (279 mg, 1.67 mmol, 
1.00 M in THF) was added drowise over 15 min into a solution of diiodomethane (447 mg, 1.67 
mmol, 3.33 g/mL) and 1,3-diiodopropane (1.22 g, 4.11 mmol) in THF (14.00 mL) at 153 K 
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(pentane/nitrogen bath). The solution was allowed to reach room temperature over 16 h. Saturated 
aqueous ammonium chloride solution was added and the mixture was extracted three times with 
tert-butyl methyl ether. The combined extracts were washed with sodium thiosulfate solution (20%) 
and twice with water. The organic layers were dried over MgSO4, concentrated in vacuo and 
purification with isohexane and silica afforded the product 7.6 as dark red oil (410 mg, 0.93 mmol, 
56%).  
 
1
H-NMR (300 MHz, CDCl3) δ (ppm) = 1.89-2.09 (m, 2H, CH2CH2I), 2.42-2.58 (m, 2H, CH2CHI2), 
3.22 (t, J =6.7 Hz, 2H, CH2I), 5.15 (t, J =6.3 Hz, 1H, CHI2). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = –29.20 (CHI2), 3.26 (CH2I), 35.30 (CH2), 48.62 (CH2).  
MS (70 eV, EI): m/z (%): 436 (M+, 2), 309 (C4H7I2
+
,100), 181 (C4H6I
+
, 30), 155 (C2H4I
+
, 15), 55 
(C4H7
+
, 65), 
HRMS m/z: calc. for C4H7I3 435.7682, found 435.7685. 
IR (ATR): 

˜  (cm–1) = 617 (m), 753 (s), 804 (m), 971 (m), 1079 (vs), 1123 (m), 1166 (m), 1196 (s), 
1225 (vs), 1253 (m), 1284 (m), 1423 (s), 1434 (s), 2832 (m), 2887 (s), 2931 (s), 2981 (m).  
 
Preparation of geminal diiodozinc species 
According to GP1, the zinc reagents were prepared from 1,1-diiodononane (7.3), and 1,1-
triodobutane (7.6) (5.00 mmol, 1.00 eq) using Zn dust (7.00 mmol, 1.40 eq) in DMF. 
 
3.3.5 Preparation of Charged-Tagged Organozinc Reagents 
 
Synthesis of charge−tagged precursors 
According to known literature procedures ammonium substituted alkyl iodides, dimethylbenzyl-(4-
iodobutyl)-ammonium iodide (8.2), triethyl-(4-iodobutyl)-ammonium iodide (8.3) and tributyl-(4-
iodobutyl)-ammonium iodide (8.4), were prepared.
50
 A flask was charged with 1,4-diiodobutane 
(n = 0.032 mol, 1 eq) and diethylether (50 mL). The corresponding tertiary amine (n = 0.138 mol, 
4.3 eq) was added slowly and the reaction mixture was stirred for 24 h at room temperature. The 
colorless precipitate was washed with diethylether/ethanol (10:1) and filtrated. The yield amounted 
to 38% for 8.3, 18% for 8.4 and 25% for 8.5. 
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Synthesis of charge-tagged organozinc species.  
According to the typical procedure GP1, a flask was flame-dried under high vacuum and allowed to 
cool down under argon atmosphere. The procedure was repeated twice and Zn dust (1.4 eq) and  
1.00 mL of solvent (THF, CH3CN or DMF for reagent 8.3 and THF for reagent 8.6) was added. 
Then 1.0 eq of (p-iodophenyl)-trimethylammonium iodide (8.6) or triethylammonium butyl iodide 
(8.3) respectively, was added and the resulting suspension was stirred for 14 h at 323 K for reagent 
8.6 or for 12 h at room temperature for reagent 8.3, respectively. 
 
Sample preparation for Negishi cross-coupling experiments analyzed by ESI mass 
spectrometry. 
A flame-dried flask was charged with (p-iodophenyl)-trimethylammonium iodide (8.6) and dry 
CH3CN under argon atmosphere. To the resulting 2 mM solution benzylzinc bromide or m-
methylbenzylzinc bromide (1.2 or 2.0 equiv), respectively, and Pd(dba)2/2 tfp 
(bis(dibenzylideneacetone)palladium/ 2 tri-2-furylphosphine; 0.05, 0.10, or 1.0 eq wih respect to the 
palladium compound) were added at 253 K.  
 
3.3.6 Preparation of Negishi Cross-Coupling Reactions with Butyl Zinc Reagents 
 
Preparation of 4-butyl-benzoic ethyl ester (9.2) 
 
O
O
Bu 
 
The zinc reagent BuZnCl/LiCl (10.00 mL, 4.90 mmol, 0.49 mM in THF), prepared from Bu2Zn, 
ZnCl2 and LiCl, was added to a solution of 4-iodobenzoic ethyl ester (1.16 g, 0.71 mL, 4.20 mmol), 
Pd(OAc)2 (4.70 mg, 0.021 mmol, 0.5 mol%) and SPhos (2-dicycolhexylphosphino-2`,6`-
dimethoxybiphenyl, 17.22 mg, 0.042 mmol, 1.0 mol%) in THF (5.50 mL). The reaction mixture 
was stirred for 12 h at room temperature, a saturated NH4Cl solution was added and extracted with 
ether (3 times). The combined organic layers were washed with an aqueous sodium thiosulfate 
solution and dried over Na2SO4. The solvent was removed under reduced pressure and purification 
of the crude product by flash chromatography furnished 9.2 as a colorless oil (1.46 g, 3.36 mmol, 
80%). 
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1
H-NMR (300 MHz, CDCl3) δ (ppm) =0.93 (t, J = 7.4 Hz, 3H, CArC3H6CH3), 1.36-1.26 (m, 5H, 
OCH2CH3, CArC2H4CH2CH3), 1.66-1.56 (m, 2H, CArCH2CH2C2H5), 2.66 (t, J(H,H) = 7.7 Hz, 2H, 
CArCH2C3H7), 4.35 (q, J = 7.1 Hz, 2H, OCH2CH3), 7.23 (d, J = 8.1 Hz, 2H, CArH), 7.95 (d,  
J = 8.2 Hz, 2H, CArH). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = 14.1 (CArC3H6CH3), 14.5 (OCH2CH3), 22.5 
(CArC2H4CH2CH3), 33.5 (CArCH2CH2C2H5), 35.9 (CArCH2C3H7), 60.9 (OCH2CH3), 128.2 
(CqC4H9), 128.5 (CHCqC4H9), 129.7 (CHCqCOO), 148.5 (CqCOO), 166.9 (CO). 
MS (70 eV, EI): m/z (%): 206 (M+, 39), 161 (C11H13O
+
, 100), 91 (C7H7
+
, 35). 
HRMS m/z: calc. for C13H18O2 435.7682, found 435.7685. 
IR (ATR): 

˜  (cm–1) = 703 (m), 759 (m), 850 (m), 1021 (m), 1103 (vs), 1176 (s), 1270 (vs), 1610 
(m), 1714 (s), 2860 (w), 2872 (w), 2930 (m), 2957 (m). 
 
Preparation of 4-(ethoxycarbonyl)phenylzinc iodide  
RZnI/(LiCl)n reagents (R = 4-(ethoxycarbonyl)phenyl) were generated as described in GP2, with 1 
equivalent of LiCl added. The yield, determined by iodometric titration, amounted to 57%. 
 
Preparation of biphenyl-4,4'-dicarboxylic acid diethyl ester (9.3)
51,52
 
 
O
O O
O
 
 
A dry and argon flushed Schlenk flask was charged with palladium acetate Pd(OAc)2 (0.5 mg, 
0.002 mmol, 1 mol%), SPhos (1.7 mg, 0.004 mmol, 2 mol%) and 4-(ethoxycarbonyl)phenylzinc 
iodide (5.0 mL, 2.9 mmol, 0.57 M in THF). After stirring the mixture for 5 min, ethyl 4-iodo-
benzoate (614 mg, 0.37 mL, 2.2 mmol) was added dropwise. The reaction mixture was stirred for 2 
days under inert gas at room temperature. Then the reaction mixture was quenched with saturated 
NH4Cl solution and extracted with ether (4 times). The combined organic phases were washed with 
an aqueous sodium thiosulfate solution and dried over Na2SO4. Purification of the crude residue 
obtained after evaporation of the solvents by flash chromatography (isohexane, silica) yielded 
biphenyl-4,4'-dicarboxylic acid diethyl ester (9.3) (550 mg, 1.85 mmol, 84%) as colorless solid. 
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1
H-NMR (300 MHz, CDCl3) δ (ppm) = 1.42 (t, J = 7.1 Hz, 6H, OCH2CH3), 4.41 (q, J = 7.2 Hz, 
4H, OCH2CH3), 7.69 (d, J = 8.3 Hz, 4H, CArH), 8.14 (d, J= 8.2 Hz, 4H, CArH). 
13
C-NMR (75 MHz, CDCl3) δ (ppm) = 14.4 (2C, OCH2CH3), 61.1 (2C, OCH2CH3), 127.2 (2C, 
CqCqCH), 130.1 (2C, Cq), 130.2 (2C, COCqCH), 144.3 (2C, COCq), 166.3 (CO). 
MS (70 eV, EI): m/z (%): 298 (M+, 56), 253 (C16H13O3
+
, 100), 225 (C15H13O2
+
, 19), 152 (C12H10
+
, 
34). 
HRMS m/z: calc. for C18H18O4 298.1205, found 298.1210. 
IR (ATR): 

˜  (cm–1) = 696 (s), 752 (vs), 845 (vs), 1022 (s), 1107 (s), 1265 (vs), 1604 (m), 1702 (s), 
2902 (w), 2930 (w), 2960 (w), 2979 (w), 2992 (w). 
 
General procedure 5 (GP5) for Negishi cross-coupling reactions analyzed by gas 
chromatography.  
A flame-dried flask under Ar atmosphere was charged with ethyl 4-iodo-benzoate (0.15 mmol, 
1.0 eq), the butylzinc reagent (0.60 mmol, 4.0 eq), and n-undecane (0.15 mmol, 1.0 eq) as internal 
standard in a total volume of 1.35 mL of THF. The resulting solution was stirred and held at 273  
1 K by means of a circulating water/ethanol bath. A solution (0.15 mL) of Pd(OAc)2 (1 mol%) and 
SPhos (2 mol%) was quickly added at time zero of the kinetic measurement. Samples from the 
reaction mixture were taken at defined times and quickly treated with an aqueous solution of 
NH4Cl. After extraction with diethyl ether and filtration through glass wool, the resulting organic 
layers were analyzed by gas chromatography (Thermo Electron Corporation, Trace GC Ultra). The 
abundances of all reagents were determined by comparing their integrated measured peak areas 
(normalized to that of the internal standard) to calibration curves for authentic samples of these 
substances (see Chapter 3.2). The kinetic measurements were routinely performed in duplicate.  
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4 Microsolvated Organozinc Cations 
 
Introduction 
 
As mentioned above, organozinc compounds are important reagents in organic synthesis.
53
 They 
show a high chemoselectivity and tolerance of functional groups.
54,55
 Besides, their use is not only 
restricted to relatively inert solvents, such as hydrocarbons and ethers, but they can also be handled 
in acetonitrile
11,56,57
 and N,N-dimethylformamide (DMF),58 which greatly extends their scope. 
Recent progress in the application of functionalized alkylzinc iodides has partially relied on the 
empirical observation that dipolar aprotic solvents are beneficial both for preparation and solution 
stability of the reagents.
59
 A good example was the use of DMF for reactions of amino acid-derived 
alkylzinc reagents.
60
 
13
C-NMR experiments provided evidence that DMF coordinated to zinc, 
influencing intramolecular coordination by the carbonyl oxygen atoms of both the ester and 
carbamate protecting group. This effect may have an influence of the stabilization of β-
aminoalkylzinc iodides towards elimination (Scheme 4.1).
61
  
O
O
N
O
O
Zn
I
O
N H
n
O
O
N
O
O
Zn
I
+ n DMF
H
H
 
Scheme 4.1. Addition of DMF to zinc reagent in THF-d8. 
 
Caggiano and co-workers found only very recently that organozinc compounds can form ionic 
species in polar solvents. They provided evidence that alkylzinc iodides can partially undergo 
heterolytic dissociation in DMF to produce alkylzinc cations, which are stabilized by solvation.
62
 
Similarly, Koszinowski and Böhrer reported on the observation of benzylzinc cations and anions in 
solutions of benzylzinc bromide in tetrahydrofuran (THF).
28b
 The group of Driess found related 
organozinc cations produced upon addition of B(C6F5)3 to the solutions of organozinc compounds 
in THF.
63
 All of these studies employed electrospray ionization (ESI) mass spectrometry, which has 
become one of the leading methods to characterize charged organometallic species.
25
 Taking 
advantage of this technique the dissociation reaction of alkylzinc iodides in THF, acetonitrile and 
DMF was systematically investigated. Moreover, the unimolecular gas-phase chemistry of the 
resulting RZn(solvent)
+
 was studied and hereby provided detailed insight into the way how the 
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coordination of single solvent molecules modulated organometallic reactivity. 
 
Results and Discussion 
 
Preparatory studies started with benzylzinc bromide in THF as a model system. The studied 
solutions of benzylzinc bromide in THF and RZnI (R = Me, iPr, and Bu) in different solvents (THF, 
DMF, and acetonitrile) were prepared via a Zn insertion reaction and subjected to analysis by ESI 
mass spectrometry (Scheme 4.2).  
 
2 RX
Zn (2.8 eq)
solvent, 
rt, 12 h
2 RZnX (solv) RZn  (solv) + RZnHal2   (solv)
ESI–MS
R = Me, iPr, Bu, Bn  
 
Scheme 4.2. Solutions of zinc insertion reactions into RX analyzed by ESI mass spectrometry. 
 
Benzylzinc bromide in THF. Solutions of benzylzinc bromide in THF (c = 5 mM) afforded 
BnZn(THF)
+
 as major ion upon cation-mode ESI employing the HCT ion trap. In addition 
BnZn(THF)2
+
 and C7H7
+
 were detected (Figure 4.1.A) 
Collision-induced dissociation (CID) of BnZn(THF)n
+
 resulted in the sequential loss of the THF 
molecules and subsequent fragmentation into C7H7
+
 and neutral Zn, Eq. 4.1 with n = 1 and 2 
(Figure 4.1.B). 
 
BnZn(THF)n
+
    BnZn+ + n THF    C7H7
+
 + Zn + n THF   (4.1) 
 
Formation of C7H7
+
/Zn, rather than C7H7/Zn
+
 is consistent with the known thermochemical data for 
the system (IE(C7H7) = 7.25 eV
64
 < IE(Zn) = 9.39 eV65). For detailed information of the anion-
mode spectra see Chapter 6.1. 
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Figure 4.1.A. Cation-mode ESI mass spectrum of a 5 mM solution of benzylzinc bromide in THF 
measured with the HCT ion trap. B. Mass spectrum of mass-selected Bn
64
Zn(THF)
+
 (m/z = 227) 
and its fragment ions produced upon collision-induced dissociation (Vexc = 0.26 V, HCT ion trap). 
 
RZnI in THF. Next, the solutions of different alkylzinc species (R = Me, iPr, and Bu) were 
analyzed. Cation-mode ESI mass spectrometry of solutions of butylzinc iodide in THF showed 
almost exclusively mononuclear BuZn(THF)
+
 over a wide range of concentrations (c(BuZnI) = 5-
40 mM) and for different ESI conditions (Figure 4.2.A. Top). The identity of this mononuclear zinc 
species was confirmed by gas-phase fragmentation of the selected ion and the characteristic isotopic 
pattern (Figure 4.2.B).  
Upon CID, BuZn(THF)
+
 lost the THF molecule to yield bare BuZn
+
, which dissociated into a C4H9
+
 
cation and Zn (Eq. 4.2 and Figure 4.2.A. Bottom).  
 
BuZn(THF)
+
    BuZn+ + THF    C4H9
+
 + Zn + THF    (4.2) 
 
The observed fragmentation pattern is again in accordance with thermochemistry (IE(C4H9) = 8.02 
eV
66
< IE(Zn) = 9.39 eV). The generated C4H9
+
 species most likely correspond to the more stable 
tertiary butyl cation formed upon rearrangement from the linear primary butyl cation. In addition 
the CID experiment showed significant amounts of BuZn(H2O)
+
. This species originated from a 
bimolecular reaction with unavoidable traces of background water present in the ion trap.  
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Figure 4.2.A. Top. Cation-mode ESI mass spectrum of a 5 mM solution of butylzinc iodide in THF 
measured with the HCT ion trap. A. Bottom. Cation-mode ESI mass spectrum of mass-selected a) 
Bu
64
Zn(THF)
+
 (m/z 193) and its fragment ions produced upon collision induced dissociation (Vexc = 
0.30 V, HCT ion trap): c) Bu
64
Zn
+
 and d) C4H9
+
. The ion b) Bu
64
Zn(H2O)
+
 originated from an ion-
molecule reaction with background water. B. Cation-mode ESI mass spectrum of a 5 mM solution 
of butylzinc iodide in THF measured with the HCT ion trap (black) and the predicted isotopic 
pattern of Bu
64
Zn(THF)
+
 (grey). 
 
Upon CID, BuZn(H2O)
+
 lost the water molecule to yield bare BuZn
+ 
(Eq. 4.3).  
 
BuZn(H2O)
+
    BuZn+ + H2O       (4.3) 
 
Obviously the gaseous butylzinc cation did not have an appreciable tendency toward hydrolysis, as 
the water molecule bound to the BuZn
+
 as an intact ligand proven by elimination of H2O. As 
recently reported by Koszinowski and Böhrer, the gas-phase reactivity of BunZnCl3−n
−
  
(n = 1-3) was rather low.30a Only Bu3Zn
−
 and Bu2ZnCl
−
 underwent proton transfer from formic acid 
at measurable rates. It is expected that the positive charge of BuZn
+
 decreased the reactivity toward 
proton donors even further.  
Solutions of methylzinc iodide and isopropylzinc iodide in THF (c = 5 mM) afforded RZn(THF)+ 
(R = Me and iPr) as major ions upon cation-mode ESI with the HCT ion trap. In addition, 
RZn(THF)2
+ and ZnI(THF)n
+ (n = 1 and 2) were detected and the fragmentation behavior of the 
mass-selected compounds were similar to the pattern of the butylzinc species.  
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Anion-mode ESI of solutions of butylzinc iodide in THF produced only relatively small amounts of 
the organozincate BuZnI2
–
 (Figure 4.3).
67
 Instead, the purely inorganic complex ZnI3
−
 prevailed, 
whose signal intensity increased with time. As the concentrations of the organometallic reagents 
employed are quite low, even minor residual contaminations by water and/or oxygen became 
important. In addition, smaller amounts of ZnI3−nBrn
−
 (n = 1 and 2)68, were also detected. Similar 
spectra were obtained for solutions of methylzinc iodide and isopropylzinc iodide in THF.  
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Anion-mode ESI mass spectrum of a 5 mM solution of butylzinc iodide in THF 
measured with the HCT ion trap. 
 
Butylzinc iodide in acetonirile. Solutions of butylzinc iodide in acetonitrile (c = 5 mM) were 
analyzed with the HCT ion trap. Cation-mode ESI mass spectra afforded BuZn(CH3CN)
+
 as the 
major ion. Additionally, BuZn(CH3CN)2
+
, ZnI(CH3CN)n
+
 (n = 1 and 2), BuZn+, and C4H9
+
 were 
observed (Figure 4.4).  
CID experiments of BuZn(CH3CN)
+
 confirmed that BuZn
+
 and C4H9
+
 resulted from the 
fragmentation of the mass−selected complex (Eq. 4.4)  
 
BuZn(CH3CN)
+
    BuZn+ + CH3CN    C4H9
+
 + Zn + CH3CN   (4.4) 
 
For the studies of solutions of butylzinc iodide in THF identical settings were applied and no 
spontaneous fragmentation occurred. Thus, these observations point to a lower intrinsic stability of 
BuZn(CH3CN)
+
 compared to BuZn(THF)
+
.  
Anion-mode ESI mass spectrometry of solutions of BuZnI in acetonitrile showed only inorganic 
complexes and thus indicated the occurrence of hydrolysis and/or oxidation reactions. 
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Figure 4.4. Cation-mode ESI mass spectrum of a 5 mM solution of butylzinc iodide in acetonitrile 
measured with the HCT ion trap. 
 
Butylzinc iodide in DMF. Only, the TSQ instrument was used for the studies of solutions of 
butylzinc iodide in DMF to exclude cross-contamination. It was found that DMF solutions gave rise 
to extremely long-lasting contaminations and they were deliberately not introduced in the HCT 
instrument. DMF-containing ions were observed with high signal intensities, even after day-long 
flushing of the TSQ ESI-source with THF at elevated temperature. The complete removal of DMF 
from the ESI source was quite difficult because of the high boiling point and the substantial Lewis 
basicity.
69
  
Cation-mode ESI mass spectrometry of solutions of butylzinc iodide in DMF (c = 1-4 mM) showed 
the formation of BuZn(DMF)3
+
 as the most prominent ion, while BuZn(DMF)2
+
, ZnI(DMF)3
+
, and 
Na(DMF)3
+
 were present in much lower abundance (Figure 4.5.A.). These results agree with the 
findings of Caggiano et al., who subjected solutions of pentylzinc iodide in DMF to analysis by ESI 
mass spectrometry.
62
 The number of solvent molecules bound to the C5H11Zn
+
 center of the 
observed C5H11Zn(DMF)n
+
 ,n = 1-3, could be controlled by adjusting the ESI conditions. CID 
experiments, conducted in this work, showed the stepwise loss of DMF molecules from 
BuZn(DMF)3
+
 leading to BuZn
+
, followed by the dissociation into C4H9
+
 + Zn (Eq. 4.5, n = 1-3).  
 
BuZn(DMF)n
+
    BuZn+ + n DMF    C4H9
+
 + Zn + n DMF   (4.5) 
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Figure 4.5.A. Cation-mode ESI mass spectrum of a 1 mM solution of butylzinc iodide in DMF 
measured with the TSQ 7000 instrument. The solvated Na
+
 ion resulted from the drying of the THF 
solvent over sodium benzophenone ketyl. B. Anion-mode ESI mass spectrum of a 4 mM solution of 
butylzinc iodide in DMF measured with the TSQ instrument. 
 
Solutions of butylzinc iodide in DMF afforded BuZnI2
−
 as base peak upon anion-mode ESI mass 
spectra with the TSQ 7000 instrument (Figure 4.5.B). In their study on the related system 
pentylzinc iodide in DMF, Caggiano et al. observed neither the corresponding nor any other 
organozincate anion. Instead they only found inorganic species of the type ZnnI2n+1
−
, n = 1-3.62 
Preparatory experiments demonstrated that the detection of organozincate anions could depend 
strongly on the design of the ESI source used and the applied ESI conditions. This dependance 
could help to explain why Caggiano et al. did not observe Zn(C5H11)I2
−
 nor any other organozincate 
anion. It is considered as unlikely that butyl- and pentylzinc iodide could significantly differ in their 
solution chemistry in DMF or their tendency to form organozincate anions. In addition, less intense 
signals for the analogous complex BuZnBrI
−
 as well as for the inorganic anions BuZnInBrn-1
–
 (n =  
1-3) and I(DMF)n
−
 (n = 0 and 1) were observed. The observation of I(DMF)− was remarkable 
because it is the single micro-solvated anion encountered in the present study. One has to consider 
that this finding does not necessarily point to an intrinsically higher affinity of DMF toward anions 
(in comparison to THF and acetonitrile) but that it might simply results from the different ESI 
conditions in the TSQ 7000 instrument. 
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In summary main signals of various alkylzinc experiments are shown in table 4.1. 
 
Table 4.1. Heterolytic dissociation of microsolvated alkylzinc halides in DMF, THF, and CH3CN 
probed by ESI mass spectrometry. The main species of interest are shown. 
 
 
 
Comparison of solvent effects. In all three solvents investigated (THF, CH3CN, and DMF), 
microsolvated mononuclear BuZn
+
 cations were observed. These findings suggest that solvated 
organozinc cations may spontaneously form in solution to a significant degree. The situation is best 
understood for the case of DMF, for which Caggiano et al. performed density-functional theoretical 
calculations.
62
 Focussing on methylzinc iodide as model system, Caggiano et al. found that 
heterolytic cleavage of the Zn-I bond could occur in the presence of three DMF molecules. The 
latter stabilized the generated ZnCH3
+
 cation via O-coordination, thus acting as Lewis bases and 
providing the driving force for the overall reaction. In contrast, the simultaneously released I
−
 did 
not experience a comparable stabilization upon interaction with DMF, which is only a poor Lewis 
acid. In accordance with this assessment, the anion-mode ESI mass spectra measured for the 
butylzinc iodide solution showed only small amounts of I
−
 and I(DMF)
−
. It seems more plausible 
that I
−
 bound to remaining neutral alkylzinc iodide instead, despite the lower concentration of the 
latter in comparison to the solvent DMF. Like other dicoordinated organozinc species,
 
alkylzinc 
iodides can be considered as typical Lewis acids.
70
 The organozincate ion expected to result from 
this coordination indeed formed the base peak in the anion-mode ESI mass spectra obtained for 
butylzinc iodide in DMF. The heterolytic dissociation of organozinc halides in this solvent thus 
actually appears to correspond to a disproportionation reaction (Eq. 4.6). 
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2 RZnHal (solv)       RZn
+
 (solv) + RZnHal2
−
 (solv)   (4.6) 
 
Related processes were reported by Richey and coworkers, who extensively studied the reactions of 
strongly coordinating agents, such as crown ethers, azacrown ethers, and cryptands with 
organomagnesium
71,72
 and organozinc compounds.
73
 Relying on 
1
H-NMR spectroscopy, these 
authors could establish the occurrence of disproportionation reactions in benzene and ethers (Eqs. 
4.7 and 4.8, M = Mg and Zn, and coord = coordination agent).
71,72,73  
 
2 MgRHal + coord       MgR(coord)
+
 + MgRHal2
−
   (4.7) 
2 MR2 + coord       MR(coord)
+
 + MR3
−
    (4.8) 
 
Although these equilibria often lied essentially completely on the side of the ionic products in the 
case of magnesium,
76,77c
 disproportionation usually was less efficient in the case of zinc. Unlike 
1
H-
NMR spectroscopy, ESI mass spectrometry does not allow straightforward quantitation and thus the 
degree of disproportionation of butylzinc iodide in DMF currently could not further be specified.
 
For THF and acetonitrile, an analogous behavior to that of DMF is assumed although for the former 
the stabilizing effect of coordination was weaker. In BuZn(CH3CN)
+
, this interaction between the 
solvent molecule and the ZnBu
+
 center is weakened to such an extent that partial fragmentation 
occurs during the ESI process. As expected, the observed stability order of ZnBu(DMF)
+
 > 
BuZn(THF)
+
 > BuZn(CH3CN)
+
 corresponds to the relative positions of the three different solvents 
in well-established Lewis basicity scales.
74 
Interestingly, a parallel trend was observed in the macroscopic stability of the highly diluted 
butylzinc iodide solutions toward decomposition by hydrolysis and/or oxidation. While DMF 
solutions were stable for > 4 h, THF solutions had lifetimes of 1 - 2 h, and in acetonitrile, 
degradation occurred on a time scale of approximately 30 min. The different stability of butylzinc 
iodide in the three solvents was also evident from the relative amounts of organozincates visible in 
the anion-mode ESI mass spectra: BuZnI2
−
 prevailed for DMF, appeared as minor peak for THF, 
and was absent for acetonitrile. A plausible explanation might be the involvement of Lewis-acidic 
organozinc species in the degradation reactions. The reactivity of these species should be lowered to 
a greater extent in more Lewis-basic solvents. The inferred Lewis-acidic organozinc species need 
not be free cations because the concentration of the latter, at least in acetonitrile, was probably not 
Microsolvated Organozinc Cations        40 
 
 
overly high. As discussed above, neutral organozinc halides behaved as Lewis acids as well. Similar 
situations might also apply to other reactions of organozinc reagents. 
 
Conclusion 
 
Summing up, ESI mass spectrometric analysis of solutions of butylzinc iodide in THF, acetonitrile, 
and DMF resulted in the detection of micro-solvated BuZn(solvent)n
+
 cations in all cases. In the 
THF and DMF experiments, the organozincate anion ZnBuI2
−
 could also be observed. Similar 
results were obtained for the experiments of BnZnBr and RZnI (R = Me, iPr) in THF. It is proposed 
that these ions form in solution by disproportionation of neutral RZnX. The main driving force for 
this reaction is believed to be the coordination of the Lewis-basic solvent molecules to the RZn
+
 
cation. For the butylzinc iodide experiments in different solvents the ability of the solvents to ionize 
the zinc species decreased in the order DMF > THF > acetonitrile. Gas-phase experiments provided 
additional insight on the stabilization of the RZn
+
 cation by different solvents. Upon fragmentation, 
the micro-solvated RZn(solvent)n
+
 cations lost the attached solvent molecules to form bare RZn
+
, 
which further dissociated into a R
+
 cation and neutral Zn. The same behavior was also found for 
RZn(H2O)
+
, which originated from the reaction of RZn
+
 with background water. To gain further 
insight into the interaction of organozinc cations with different Lewis bases, the effect of chelating 
ligands, described in the following chapter, was investigated. 
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5 Organozinc Halides in the Presence of Chelating Ligands 
 
Introduction 
 
In Chapter 4 solvated alkylzinc cations
75
 and organozincates
28a,28b
 were studied using ESI mass 
spectrometry. It is assumed that these ions result from a disproportionation reaction of neutral 
alkylzinc iodide in solution. DFT calculations have suggested that coordination of DMF to 
alkylzinc iodides could partially induce cleavage of the zinc-iodine bond to form a tight ion pair.
62 
The observed alkylzinc cation was not as easily protonated as the neutral alkylzinc iodide,
62 
providing a credible explanation for the high tolerance of alklyzinc iodides toward acidic protons.  
In addition, organozinc compounds can be favorably combined with chiral ligands to achieve 
enantioselective chemical reactions. In particular, the enantioselective addition of diethylzinc to 
aldehydes is of enormous importance.
76
 Until now, the effect of added ligands on the stoichiometry 
and reactivity of organozinc compounds is not fully understood. Thus, ESI mass spectrometry was 
chosen to investigate the heterolytic dissociation of butylzinc iodide in the presence of 1,2-
dimethoxyethane (L1), N,N-dimethyl-2-methoxyethylamine (L2), and N,N,N′,N′-
tetramethylethylenediamine (TMEDA, L3). These ligands, although not being equal to crown ethers 
or cryptands in terms of coordination ability, mimicked the binding motif of practically highly 
important chiral ligands.
76,77
 In addition, diamine L3 itself has been demonstrated to enhance the 
nucleophilic reactivity of diethylzinc toward benzaldehyde, in contrast to glycol ether L1, which 
had no effect.
78
 Next the relative stabilities of the formed BuZn(ligand)
+
 complexes were probed by 
competition experiments and analysis of their unimolecular gas-phase reactivity. To gain more 
information about the unimolecular gas-phase reaction of butylzinc iodide solutions of deuterated 
butylzinc species were considered as well. 
 
Results and Discussion 
 
The concentration of butylzinc iodide in THF, c(BuZnI) ≈ 5 mM, was held constant and the amount 
of the added ligand varied between 1 and 5 equivalents. Both the chelating ligand and THF then 
competed for the limited number of binding sites at the BuZn
+
 cations.  
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Figure 5.1.A. Cation-mode ESI mass spectrum of a solution of butylzinc iodide and 1,2-
dimethoxyethane (ligand L1) in a ratio of 1:1 (c = 5 mM) in THF measured with the HCT ion trap. 
B. Cation-mode ESI mass spectrum of a solution of butylzinc iodide and N,N-dimethyl-2-
methoxyethylamine (ligand L2) in a ratio of 1:1 (c = 5 mM) in THF measured with the HCT ion 
trap. Inset: Enlarged part of the mass spectrum showing the isotopic pattern of Zn2Bu2I(L2)2
+
. 
 
Although the effective concentration of the THF solvent exceeded that of the chelating ligand by 
approximately three orders of magnitude, cation-mode ESI mass spectrometry proved the extensive 
formation of BuZn(ligand)
+
 complexes. For the glycol ether L1 (Figure 5.1.A), the signal intensity 
of BuZn(ligand)
+
 was still smaller than that of BuZn(THF)
+
 but both for the aminoether L2 (Figure 
5.1.B) and the diamine L3 (Figure 5.2.A. Top) just the opposite held true.  
These results demonstrated the enormous stabilization that the interaction with chelating ligands can 
provide to organozinc cations and thus echo the findings of Richey and coworkers.
78
 At the same 
time, differences between the individual ligands are noticeable (Figure 5.2.B). For BuZn(L1)
+
, a 
relatively smaller signal intensity was observed, which implied that the interaction of the glycol 
ether L1 with the butyl zinc cation is not as strong as that of ligands L2 and L3 with BuZn
+
.  
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Figure 5.2.A. Top. Cation-mode ESI mass spectrum of a solution of butylzinc iodide and TMEDA 
(ligand L3) in a ratio of 1:1 (c = 5 mM) in THF. A. Bottom. Cation-mode ESI mass spectrum of 
mass-selected a) Bu
64
Zn(L3)
+
 (m/z = 237) and its fragment ions produced upon collision-induced 
dissociation (Vexc = 0.35 V, HCT ion trap): b) ZnH(L3)
+
 and c) (L3−H)+. The fragment at m/z = 70 
apparently resulted from cleavage of the backbone of ligand L3. B. Normalized signal intensities of 
the chelate complexes BuZn(ligand)
+
 as derived from cation-mode ESI mass spectra of solutions of 
butylzinc iodide and ligands L1-L3 in THF (c(BuZnI) = 5 mM, ratio ligand/BuZnI = 1:1, 2:1, and 
5:1). The normalized signal intensity of BuZn(ligand)
+
 was calculated as Inorm(BuZn(ligand)
+
) = 
I(BuZn(ligand)+)/[I(BuZn(ligand)+) + I(BuZn(THF)+)]. 
 
To achieve a more direct comparison between the three different chelating ligands, THF solutions 
of butylzinc iodide containing two of the ligands together were also probed. The experiments 
combining the glycol ether L1 with L2 or L3 (Figures 5.3.A. and 5.3.B), respectively, showed 
essentially no BuZn(L1)
+
 and thus again indicate a lower affinity of L1 toward the ZnBu
+
 center in 
comparison to L2 and L3.  
 
 
 
 
 
 
Organozinc Halides in the Presence of Chelating Ligands      44 
 
 
B A 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.A. Cation-mode ESI mass spectrum of a solution of butylzinc iodide, 1,2-dimethoxy-
ethane (L1), and N,N-dimethyl-2-methoxyethylamine (L2) in a ratio of 1:1:1 (c = 5 mM) in THF 
measured with the HCT ion trap. Note that essentially no signal intensity was observed for the 
complex Bu
64
Zn(L1)
+
 (m/z = 211). B. Cation-mode ESI mass spectrum of a solution of butylzinc 
iodide, 1,2-dimethoxy-ethane (L1), and N,N,N′,N′-tetramethylethylenediamine (L3) in a ratio of 
1:1:1 (c = 5 mM) in THF measured with the HCT ion trap. Note that essentially no signal intensity 
was observed for the complex Bu
64
Zn(L1)
+
 (m/z = 211). The solvated Na+ ions resulted from the 
drying of the THF solvent over sodium benzophenone ketyl. 
 
Direct competition between L2 and L3 resulted in higher signal intensities for BuZn(L3)
+
 than for 
BuZn(L2)
+
, but it was refrained from a rigorous quantitative analysis because of the complicating 
effect of the present protonated ligands, H(L2)
+
 and H(L3)
+
. In general, differences in ESI signal 
intensities do not necessarily reflect actual concentration differences in solution but may also arise 
from deviating ESI response factors of the different species.
79
 In the present case, however, the two 
complexes ZnBu(L2)
+
 and ZnBu(L3)
+
 seemed so similar that comparable ESI response factors 
could be assumed. Accordingly, it is inferred that the observed relative signal intensities of 
ZnBu(L2)
+
 and BuZn(L3)
+
 roughly mirror their relative concentrations in solution and, thus, that 
the diamine L3 binds to the ZnBu
+
 center more strongly than the aminoether L2. Therefore, it was 
consistently found that the dimethylamino function stabilizes the butylzinc cation better than the 
methoxy function does. Richey and coworkers reached similar conclusions in their study of the 
complexation of organozinc cations by polyethers and polyamines.
73c
 
The different relative affinities of oxygen- and nitrogen-containing functional groups toward the 
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BuZn
+
 moiety are of particular interest in the context of enantioselective catalysis. The chiral 
ligands typically employed in the asymmetric addition of diethylzinc to aldehydes feature a 1,2- or 
1,3-aminoalcohol motif. The key intermediates in these transformations were commonly believed to 
be mono- and dimeric ethylzinc aminoalcoholates, which formed upon deprotonation of the 
aminoalcoholate and concomitant release of ethane.
76
 For the case of chiral ligands with an 1,2-
aminoalcohol motif, the resulting monomeric key intermediates of the type 5.1 are closely 
mimicked by the BuZn(L2)
+
 complex. The analogy between 5.1 and BuZn(L2)
+
 becomes most 
evident if the former is considered an ethylzinc cation stabilized by an amino and an alcoholate 
function. Because the anionic alcoholate function in 5.1 should bind to the ZnEt
+
 center more 
strongly than the neutral methoxy group in BuZn(L2)
+
, the overall stabilization achieved in 5.1 will 
be even higher than for the model complex BuZn(L2)
+
. Of course, such a tight binding between the 
organozinc center and the chiral ligand is essential for achieving a high asymmetric induction. The 
observation that the model complex BuZn(L2)
+
 formed in THF even at low concentrations of the 
aminoether L2 suggests that intermediates of type 5.1 will also be quite stable in this relatively 
polar solvent. Although most asymmetric additions of diethylzinc to aldehydes are performed in 
non-polar hydrocarbons, numerous examples are known for which high enantioselectivities could 
be also obtained in THF.
77
 
 
N O
Zn
Et
N O
Zn
Bu
BuZn(L2)+
R2
N O
Zn
Et
R2R1 R1
5.1  
 
Interestingly, small amounts of the dinuclear aminoether complex Bu2Zn2I(L2)2
+
 (Figure 5.1.B) 
were observed, which correspond to the cationic analogue of the supposed dimeric ethylzinc 
aminoalcoholate intermediates. Similarly, the dinuclear diamine complex Bu2Zn2I(L3)2
+
was 
detected in low signal intensities. The fact that these putatively rather labile dinuclear complexes 
survived the ESI process suggests once more that the ESI conditions applied were quite gentle. At 
the same time, it shows that mass spectrometry is ideally suited to differentiate between various 
aggregation states of ionic organometallic species. 
Anion-mode ESI mass spectra obtained for THF solutions of butylzinc iodide with added ligands 
L1-L3 were qualitatively similar to those recorded without added ligands (see above). Obviously, 
the chelating ligands did not bind to organozincate (or any other) anions. However, the addition of 
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B A 
the strongly binding ligands L2 and L3 significantly increased the signal intensity of ZnBuI2
−
 
(Figure 5.4.A and 5.4.B).  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.A. Anion-mode ESI mass spectrum of a solution of butylzinc iodide and N,N-dimethyl-
2-methoxyethylamine (L2) in a ratio of 1:2 (c = 5 mM) in THF measured with the HCT ion trap. B. 
Anion-mode ESI mass spectrum of a solution of butylzinc iodide and N,N,N′,N′-
tetramethylethylenediamine (L3) in a ratio of 1:2 (c = 5 mM) in THF measured with the HCT ion 
trap.  
 
This observation is fully in line with the inferred operation of a disproportionation equilibrium, 
which is shifted toward the side of ionic products in the presence of strongly chelating ligands, Eq. 
5.1. 
 
2 BuZnI + ligand       BuZn(ligand)
+
 + BuZnI2
−
    (5.1) 
 
Unimolecular gas−phase chemistry of chelated butylzinc cations. After having explored the 
stability of the BuZn(ligand)
+
 complexes (ligand = L1 - L3) in solution, finally the unimolecular 
gas-phase chemistry of these species was investigated. In analogy to the relatively facile desolvation 
of the micro-solvated BuZn(solvent)n
+
 complexes (see Chapter 4) one might expect CID of 
BuZn(ligand)
+
 to lead to simple ligand loss, Eq. 5.2. 
 
BuZn(ligand)+    BuZn+ + ligand       (5.2) 
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However, this fragmentation pathway occurred only for the glycol-ether complex BuZn(L1)
+
 and, 
in this case, only to a minor extent (note that the main part of the BuZn
+
 fragment apparently 
undergoes a bimolecular consecutive reaction with background water to form the simultaneously 
observed BuZn(H2O)
+
 cation, see Chapter 4). Instead, all three complexes eliminated butene upon 
CID to produce the chelated hydridozinc cations ZnH(ligand)
+
, Eq. 5.3 (Figure 5.2.A. Bottom for 
ligand = L3). 
 
BuZn(ligand)
+
    ZnH(ligand)+ + C4H8      (5.3) 
 
Obviously, the cleavage of the covalent zinc-carbon and carbon-hydrogen bonds in this reaction is 
more favorable than the loss of the chelating ligand. This finding highlights once again the strong 
interaction of the chelating ligands, particularly L2 and L3, with BuZn
+
. At the same time, it shows 
how the chelating ligands change the reactivity of the organometallic species. While bare BuZn
+
 
produced cationic and, thus, electrophilic C4H9
+
 upon CID, the chelate complexes BuZn(ligand)
+
 
released neutral butene, an, admittedly weak, nucleophile. This ligand-induced switch in gas-phase 
reactivity strikingly resembled the situation in solution, where only the addition of a chelating 
ligand, such as L3 or an aminoalcohol, activated diethylzinc for the nucleophilic addition to 
benzaldehyde.
78
 The glycol ether L1 failed to activate diethylzinc in solution,
78
 and in the gas-
phase, too, it has a weaker effect than L2 and L3, as BuZn(L1)
+
 produced both butene and the 
C4H9
+
 cation upon CID. 
Apart from these parallels to solution chemistry, the butene elimination from the cationic 
BuZn(ligand)
+
 complexes, Eq. 5.3, also resembles the previously reported loss of butene from the 
gaseous ZnBu3
−
 anion.
28a
 It seems likely that both these fragmentations proceed as β-hydride 
eliminations although only relatively few examples of this type of mechanism are known for 
organozinc compounds.
80
 The participation of d-orbitals in reactions lowers the barriers, so β-
hydride eliminations occur particularly easily for coordinatively unsaturated transition metal 
species. The effect of this participation can also be seen from the efficiency of the reverse reactions, 
the olefin insertions into transition metal hydrides. Though less readily, main group and post-
transition metal complexes also undergo β-hydride eliminations. Interestingly, not all of these 
transformations corresponded to unwanted, non-productive side reactions. In the semiconductor 
industry, one of the most important methods for the preparation of thin metal layers is metallo-
organic chemical vapor deposition, which in many instances involved β-hydride eliminations. For 
example, the formation of zinc layers from deposited Et2Zn has been suggested to proceed 
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according to this reaction type.
81
 
 
To test whether the butene elimination from the cationic BuZn(ligand)
+
 complexes, Eq. 5.3, really 
corresponds to β-hydride eliminations, deuterium labelling of an alkyl reagent was employed. In 
this experiment
82
, a solution of 2-D,D-butylzinc bromide (5.2) in THF was prepared via the Rieke 
zinc method.
16,44
 An aliquot was diluted in THF and after addition of TMEDA L3 (c = 5 mM, ratio 
1:1) subjected to analysis by ESI mass spectrometry. Cation-mode ESI mass spectrometry of these 
solutions in THF showed almost exclusively mononuclear 2-D,D-BuZn(L3)
+
 (m/z = 239/241/243). 
This assignment is based on the agreement with the calculated pattern of ZnC10H23D2N2
+
. Upon 
CID, a consistent loss of a neutral fragment of m = 57, which corresponds to C4H7D, was 
observed, Eq. 5.4. 
 
2-D,D-BuZn(L3)+     ZnD(L3)+ + C4H7D      (5.4) 
 
This fragmentation pattern is the proof of the operation of a β-hydride elimination. The virtual 
absence of neutral C4H8 and C4H6D2 fragments shows the extremely high selectivity of this process.  
 
Apart from the mechanism itself, the ZnH(ligand)
+
 fragment ions resulting from CID of the 
BuZn(ligand)
+
 complexes are of interest. While a manifold of zinc hydride compounds is known,
83
 
only a limited number of them are monomeric. A structurally well-characterized example of such a 
monomeric zinc hydride is given by the recently reported hydridozinc complex 5.3.
84
  
 
N
N
i
Pr
iPrPr
iPr
Zn H
N
N
Zn H
ZnH(L3)+
i
5.3  
 
In this complex, the ZnH moiety is stabilized by a chelating β-diketiminate ligand, thus giving rise 
to a trigonal coordination of the zinc center. A similar geometric situation can be expected for 
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ZnH(L3)
+
 and the other two ZnH(ligand)
+
 complexes observed in the present work. Further 
fragmentation reactions of BuZn(L2)
+
 and BuZn(L3)
+
 involved hydride transfers from the ligand to 
the zinc center and thus generated neutral butylzinc hydride, Eqs. 5.5 and 5.6.  
 
BuZn (L2)
+
    (2−H)+ + BuZnH       (5.5) 
BuZn (L3)
+
    (3−H)+ + BuZnH       (5.6) 
 
The concomitantly formed cations presumably correspond to iminium species. This fragmentation 
pathway was particularly prominent for the aminoether complex BuZn(L2)
+
. 
 
Conclusion 
 
In summary, the addition of bidentate chelating ligands to THF solutions of butylzinc iodide largely 
displaced THF from the coordination sphere of the metal center and formed preferentially 
mononuclear chelate complexes BuZn(ligand)
+
. Gas-phase experiments provided additional insight 
into the stabilization of the BuZn
+
 cation by the ligands investigated and resulted in the 
fragmentation of the complexes BuZn(ligand)
+
 by elimination of butene and formation of the 
hydridozinc cations ZnH(ligand)
+
. The mechanisms of the butene elimination corresponding to a β-
hydride elimination are confirmed by the fragmentation pattern of the deuterated butylzinc species 
2-D,D-BuZn(L3)+. The behavior of the BuZn(ligand)+ cations are in stark contrast to the micro-
solvated BuZn(solvent)n
+
 cations, which lost the attached solvent molecules to form bare BuZn
+
 and 
further dissociated into a C4H9
+
 cation and neutral Zn. This observation proves that the chelating 
ligands bound much more strongly to the zinc center than the probed solvents in Chapter 4. 
Moreover, it suggests that the energy gained from the chelation exceeded the barrier associated with 
the elimination of butene. These results resemble the activating effect of chelating ligands on 
dialkylzinc in solution, which is of crucial importance for the nuclophilic alkylation of aldehydes. 
Furthermore the competition and CID experiments showed that the ability of the three different 
ligands to stabilize and ionize the zinc species supposedly decreased in the order L3 > L2 > L1. 
ESI mass spectrometric and gas-phase experiments are able to provide a consistent picture of how 
solvation and chelation stabilized the butylzinc cation and controlled its reactivity on a molecular 
level. For rather labile systems, such as the micro-solvated organometallic ions probed here, a 
careful control of the ESI conditions thus was mandatory. Furthermore, ESI mass spectrometry 
alone could not achieve reliable quantitation of the species of interest in the present work. Hence, 
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the equilibrium constants of the inferred disproportionation reactions are still not known in this case 
just as the extent to which the ionization of alkylzinc halides occurs. Therefore alternative analytical 
methods will be needed to address these issues in the future. 
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6 Formation of Lithium Organozincates 
 
6.1 Lithium Organozincate Complexes LiRZnX2 
 
Introduction 
 
The most common syntheses of organozinc halides produce these reagents in the presence of LiX 
salts, as described above. The possible role of these LiX salts has been largely ignored
18
 until 
Knochel’s work on LiCl-promoted Zn insertion reactions has put them into the spotlight.17,19 
Koszinowski and Böhrer have recently used ESI mass spectrometry to characterize organozinc 
intermediates
28
 , wheras these studies pointed to the formation of organozincate anions. In line with 
these findings, theoretical calculations by Liu et al. predicted the PhZnBr system to give a stable 
Li
+
PhZnBrCl
−
 zincate complex in the presence of LiCl.
85
 This group also showed that the 
interaction of Zn/PhBr with LiCl lowered the energy of the transition structure of the Zn insertion, 
thus providing a rationale for the observed rate acceleration.
85
 Growing evidence moreover suggests 
that the presence of LiX additives also changes the reactivity of the in situ formed organozinc 
halides and enhances their nucleophilicity.
86−91
 Organ and coworkers screened numerous simple salt 
additives and found LiCl and LiBr to be particularly effective in accelerating Negishi cross-
coupling reactions in THF/dimethylimidazolidinone (DMI) mixtures.
92
 Based on titration 
experiments, these authors proposed that here the active transmetalating agent corresponds to 
higher-order zincates LinRZnBr3
(2−n)−
, R = Bu.
92
 Very recently Organ and collaborators also 
employed ESI mass spectrometry and NMR spectroscopy to support their hypothesis of higher-
order zincates being present in THF/DMI mixtures.
93
 Note that an analogous organozincate dianion 
was known from the structurally characterized salt [PPh4
+
]2[EtZnBr3
2−
].
94
 Compared to the strong 
influence of lithium halides on organozinc halides, their effect on the reactivity of diorganylzinc 
compounds apparently was much smaller. As Kneisel, Dochnahl, and Knochel reported, LiCl did 
not activate 
i
Pr2Zn to undergo iodine-zinc exchange with methyl 4-iodobenzoate in diethylether/N-
methyl-2-pyrrolidinone mixtures.
95
 This reaction occured efficiently in the presence of Li(acac) and 
Cs(acac), however. In these cases, the formation of Li
+
/Cs
+
(CH3OOC−C6H4)Zn
i
Pr(acac)
−
 zincate 
complexes was surmised.
95 
 
To understand the effects of the LiX salts on the reactivity of organozinc halides and diorganozinc 
compounds, more information on the interaction of these additives with organozinc species is 
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required. ESI mass spectrometry has recently been established as a useful method to obtain 
qualitative information at a molecular level.
28,35,36
 Therefore this technique was employed for 
further experiments in the present study. However, ESI mass spectrometry is considered less 
suitable for quantitative analysis and thus offers only limited insight into the association and 
dissociation equilibria operative in solution. Furthermore, there is evidence that ESI mass 
spectrometry is incapable of detecting free zincate di-anions.
96
 To check for the presence of such 
dianions in LiX/RZnX and LiX/R2Zn solutions and to probe the association/dissociation equilibria 
in these systems, it was therefore turned to electrical conductivity measurements and NMR 
spectroscopy.
97
 These well-established methods provide quantitative information on speciation in 
solution and thus lend themselves to a combination with ESI mass spectrometry. 
 
Results and Discussion 
 
Throughout the present work, special efforts have been made to ensure well-defined reaction 
conditions and to control the concentration of LiX additives carefully. For the preparation of LiX-
free RZnX reagents, no transmetalation reactions were applied because the precipitation of the LiX 
(or MgX2) byproducts may possibly be incomplete even in apolar solvents. Instead, rigorously sal t-
free solutions of RZnX were synthesized by Zn insertion into RX (in the absence of LiX) or by 
mixing R2Zn with ZnX2. Unlike Organ and co-workers,
93
 sample solutions in THF were 
deliberately chosen without the addition of co-solvents, such as DMI, to keep the system as simple 
as possible. Solutions of RZnX·LiX and R2Zn·LiX in pure THF, i.e., without added more polar co-
solvents, also showed excellent reactivity in many synthetically valuable transformations, including 
Negishi cross-coupling reactions.
19,91,98  
 
ESI Mass Spectrometry. RZnX/(LiCl)n. As absolute ESI signal intensities are typically rather 
unstable and poorly reproducible, only relative signal intensities are considered in the present 
titration experiments. To the sampled solutions of organozinc compounds small amounts of NaBPh4  
(c = 20 M) were added as internal standard and the anion ESI signal intensities were normalized to 
that of BPh4
–
. However, as the concentration of NaBPh4 was lower than that of the organozinc 
species by two orders of magnitude, interferences with the dissociation equilibria of the latter could 
be excluded. Note, that the addition of LiCl is likely to influence the concentration of free BPh4

 
ions in a not easily predictable manner. While this problem somewhat complicates the comparison 
of signal intensities within a given titration experiment (same organozinc compound with varying 
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LiCl concentrations), it does not affect the comparison between different systems (different 
organozinc compounds with the same LiCl concentration). 
 
In the absence of LiCl, solutions of BuZnI in THF afforded only very small amounts of butylzincate 
anions upon anion-mode ESI mass spectrometry (Figure 6.1.1.A). Similar behavior is observed for 
BnZnBr (Figure 6.1.2) and PhZnBr (Figure 6.1.3). These findings indicate that spontaneous ionic 
disproportionation of RZnX in pure THF is not favorable.
75
 In the case of BuZnI, the presence of 
the purely inorganic ZnI3

 anion furthermore points to the occurrence of hydrolysis reactions.  
 
 
Figure 6.1.1. Anion-mode ESI mass spectra of 5 mM solutions of A. BuZnI/(LiCl)n in THF  
(n = 0-2) measured with the TSQ 7000 instrument and B. Bu2Zn/(LiCl)n in THF (n = 0-2) measured 
with the HCT ion trap. The signal intensities were normalized to BPh4
−
, whose sodium salt was 
added as an internal standard (c = 20 M). 
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Figure 6.1.2. Anion-mode mode ESI mass spectra of 5 mM solutions of BnZnBr/(LiCl)n in THF 
(n = 0 - 2) measured with the HCT ion trap, a = Bn
2
Zn
2
BrCl
2

, b = LiBn
2
Zn
2
Br
3
Cl

, 
c = Bn
3
Zn
3
BrCl
3

, and d = Bn
3
Zn
3
Br
4

. The signals at m/z = 535 − 551 (0 eq LiCl) corresponded to 
BnZn
2
Br
4

. The signal intensities were normalized to BPh4
−
, whose sodium salt was added as an 
internal standard (c = 20 M). 
 
 
Figure 6.1.3. Anion-mode ESI mass spectra of 5 mM solutions of PhZnBr/(LiCl)n in THF (n = 0 - 
2) measured with the HCT ion trap. The signals at m/z = 521 - 537 and m/z = 741 - 761 (0 eq LiCl) 
corresponded to PhZn2Br4

 and Ph2Zn3Br5

, respectively. The peaks at higher m/z ratios 
corresponded to a complex mixture of PhmZnnX2n+1−m

/LiPhmZnnX2n+2−m

/ LiZnnX2n+2

 (X = Cl and 
Br, m = 1 - 3, n = 2 and 3). The signal intensities were normalized to BPh4
−
, whose sodium salt was 
added as an internal standard (c = 20 M). 
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Kass Kdiss 
Such hydrolysis reactions could not be completely avoided when introducing highly diluted 
solutions of moisture-sensitive organometallics into the ESI source of the mass spectrometer. Upon 
addition of one equivalent of LiCl, the butylzincate anion BuZnI2

 appeared and further increased in 
intensity when a second equivalent of LiCl was added. Similarly, the presence of LiCl also resulted 
in increased signal intensities of organylzincate anions for BnZnBr and PhZnBr; for the latter, the 
observed increase is rather small, however. For solutions of BuZnBr in DMI, Organ and 
collaborators also found higher ESI signal intensities of the butylzincate anion BuZnBr2

 upon the 
addition of LiBr.
93
  
These experiments show that the formation of organylzincate anions directly correlated with the 
presence of LiCl. Thus, they are in accordance with the previous assumption that the LiCl adducts 
of organylzinc halides correspond to Li
+
RZnX2

 complexes, which undergo heterolytic dissociation 
to a measurable extent (Eq. 6.1.1).  
 
RZnX + LiX          Li
+
RZnX2
−
          Li
+
(solv) + RZnX2
−
  (6.1.1) 
 
In line with this reasoning, cation-mode ESI of THF solutions of RZnX·LiCl afforded virtually 
exclusively solvated Li(THF)n
+
 ions, n = 2-4.28a The addition of LiCl not only leads to the formation 
of zincate complexes but presumably also gives rise to halide exchange reactions. Although the 
addition of two equivalents of LiCl resulted in a 100% excess of Cl

 compared to Br

 or I

 anions in 
the overall solution, respectively, the bromine- and iodine-rich complexes still predominated in the 
ESI mass spectra. This predominance is particularly pronounced in the case of the BuZnI/(LiCl)2 
system, for which the signal intensity of BuZnI2

 exceeded those of BuZnICl

 and BuZnCl2

 (m/z = 
191/193/195, off-scale in Figure 6.1.1.A) by factors of 5 and 50, respectively. A possible reason for 
these large differences might be deviating dissociation constants of the corresponding Li
+
RZnX2

 
complexes.
28b 
Besides binding to Li
+
, the zincate anions can also attach to neutral RZnX, thus forming higher 
aggregates. Such higher aggregates of the general formula RnZnnXn+1

, n = 2 and 3, were observed 
for all three systems BuZnI/(LiCl)n, BnZnBr/(LiCl)n, and PhZnBr/(LiCl)n. The identities of these 
polynuclear anions were confirmed by gas-phase fragmentations of the mass-selected ions (Table 
6.1.1 for the most abundant species; also compare ref. 28). 
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Table 6.1.1. Fragmentation reactions of mass-selected organozincate anions. 
 
 
parent ion
a
 
 
 
 
m/z 
 
 
ionic fragment
a,b
 
 
 
m/z 
 
 
 
neutral fragment
a
 
 
 
 
m 
 
Bu3
64
Zn2
66
ZnI
35
Cl
37
Cl2
 
 
 
 
 
Bu3
64
Zn2
66
ZnI2
37
Cl2
 
 
 
 
 
Bn
64
Zn
81
Br
35
Cl 
 
Bn2
64
Zn
66
Zn
79
Br2
37
Cl 
 
 
Bn2
64
Zn
66
Zn
79
Br2
81
Br 
 
Bn3
64
Zn2
66
Zn
81
Br2
35
Cl2
 
 
 
 
Bn3
64
Zn2
66
Zn
79
Br
81
Br2
37
Cl 
 
Ph
64
Zn
66
Zn
79
Br3
81
Br 
 
Ph2
64
Zn
66
Zn2
79
Br3
81
Br2
  
 
Ph2
64
Zn2
81
Br
35
Cl2
/Ph
64
Zn2
79
Br2
35
Cl2
/ 
7
LiPh
64
Zn2
79
Br
35
Cl3
37
Cl/ 
Ph
64
Zn2
79
Br2
35
Cl2
/
7
Li
64
Zn2
79
Br2
35
Cl4
 
 
Ph2
64
Zn2
79
Br2
37
Cl/ 
7
LiPh2
64
Zn
66
Zn
79
Br
35
Cl2
37
Cl/ 
7
LiPh
64
Zn2
79
Br2
35
Cl2
37
Cl/ 
7
Li
64
Zn2
79
Br3
35
Cl3
/ 
Ph
64
Zn
66
Zn
79
Br3
35
Cl/ 
 
 
601 
 
 
 
 
693 
 
 
 
 
271 
 
507 
 
 
551 
 
699 
 
 
 
745 
 
525 
 
749 
 
433 
 
 
 
477 
 
 
 
 
 
 
 
Bu2
64
Zn
66
ZnI
37
Cl2
 
Bu
64
Zn
66
ZnI
35
Cl
37
Cl2
 
Bu2
64
Zn2
35
Cl
37
Cl2
 
ZnI
35
Cl
37
Cl
 
 
Bu
64
Zn2I2
37
Cl2
 
Bu2
64
Zn
66
ZnI
37
Cl2
 
64
ZnI2
37
Cl 
64
ZnI
37
Cl2
 
 
81
Br 
 
Bn
66
Zn
79
Br2
 
64
Zn
79
Br2
37
Cl 
 
66
Zn
79
Br2
81
Br 
 
Bn2
64
Zn2
81
Br2
35
Cl/ 
Bn
64
Zn
66
Zn
81
Br2
35
Cl2
 
64
Zn
81
Br2
35
Cl 
 
Bn
64
Zn2
79
Br
81
Br2
37
Cl 
 
66
Zn
79
Br3
 
 
66
Zn2
79
Br3
81
Br2
 
 
64
Zn
79
Br2
35
Cl 
 
64
Zn
81
Br
35
Cl2
 
 
Ph
64
Zn
79
Br
81
Br/ 
7
Li
64
Zn
79
Br
81
Br
35
Cl2
/ 
66
Zn
79
Br3
 
 
64
Zn
79
Br2
37
Cl/ 
7
Li
66
Zn
79
Br
35
Cl2
37
Cl 
 
64
Zn
79
Br
35
Cl2
 
 
 
445 
423 
351 
263 
 
513 
445 
355 
265 
 
81 
 
315 
259 
 
305 
 
507 
453 
261 
 
497 
 
303 
 
531 
 
257 
 
215 
 
301 
 
 
 
259 
 
 
213 
 
 
Bu
64
Zn
35
Cl 
Bu2
64
Zn 
Bu
66
ZnI 
Bu3
66
Zn2
35
Cl 
 
Bu2
64
Zn 
Bu
64
ZnI 
Bu3
66
Zn2
37
Cl 
Bu3
64
Zn
66
ZnI 
 
Bn
64
Zn
35
Cl 
 
BnZn
37
Cl 
Bn2
66
Zn 
 
Bn2
64
Zn 
 
Bn
66
ZnCl 
Bn2
64
Zn 
Bn3
64
Zn
66
ZnCl 
 
Bn2
66
Zn 
 
Ph
64
Zn
81
Br 
 
Ph2
64
Zn
c
 
 
Ph
64
Zn
35
Cl/
7
Li
64
Zn
35
Cl3 
 
Ph2
64
Zn
c
/
7
LiPh
64
Zn
35
Cl2/ 
 
Ph
64
Zn
35
Cl/
7
Li
64
Zn
35
Cl3 
 
 
 
Ph2
64
Zn
c
/
7
LiPh
64
Zn
35
Cl2/ 
 
 
7
LiPh
64
Zn
79
Br
37
Cl/ 
7
Li
64
Zn
79
Br2
35
Cl 
 
156 
178 
250 
338 
 
180 
248 
338 
428 
 
190 
 
192 
248 
 
246 
 
192 
246 
438 
 
248 
 
222 
 
218 
 
176 
 
218 
 
176 
 
 
 
218 
 
 
  264 
 
 
a
 Only one major isotopologue is given. In several cases, additional isotopologues will significantly contribute to the 
signal intensity of the observed ion. 
b
 For isotopic or isotopologue fragment ions, respectively, observed at neighboring 
m/z ratios only one major component is listed. 
c
 The complex mixtures generate the neutral fragment m = 218 amu, 
which largely corrsponds to Ph2Zn and thus is indicative of the presence of Ph2Zn2X3

/LiPh2Zn2X4

 (X = Cl, Br) in the 
mixture of isobaric parent ions. 
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While the relative signal intensities of the larger aggregates were rather low in the case of 
BuZnI/(LiCl)n, they were higher for BnZnBr/(LiCl)n and PhZnBr/(LiCl)n. The present experiments 
alone could not clearly distinguish whether these different tendencies toward aggregation are caused 
by the organyl or the halide substituents. Previous studies comparing BuZnI/LiCl and BuZnCl/LiCl 
as well as BnZnBr/LiCl and BnZnCl/LiCl, however, suggested that the halide had the bigger effect 
on the aggregation behavior.
28
 
 
ESI Mass Spectrometry. Bu2Zn/(LiCl)n. Next, Bu2Zn/(LiCl)n solutions in THF were analyzed by 
ESI mass spectrometry, which were prepared by adding n equivalents of a LiCl solution in THF and 
extra THF to Bu2Zn. Without added LiCl, no zincate complexes were detected for solutions of 
Bu2Zn in THF (Figure 6.1.1.B), indicating that, like in the case of BuZnI, spontaneous ionic 
disproportionation does not occur to a significant extent. In the presence of LiCl, the Bu2ZnCl

 
anion appeared but had a much lower normalized signal intensity than its BuZnI2

/BuZnICl

 
analogs observed for the BuZnI/(LiCl)n system. This finding may be taken as a first indication that  
diorganylzinc compounds R2Zn have lower tendencies to add halide anions and form ate complexes 
than the corresponding organylzinc halides RZnX. Another difference between Bu2Zn/(LiCl)n and 
BuZnI/(LiCl)n refers to their aggregation tendencies. Whereas several polynuclear anions were 
detected for the latter (although in relatively low signal intensities), no analogous aggregates were 
visible for the former. This observation fully agrees with previous experiments on Bu2Zn/LiCl that 
was produced by transmetalation of ZnCl with two equivalents of BuLi,
28a
 and shows that the 
obtained reagent was the same, irrespective of the way it was prepared. In the previous study, it is 
reasoned that a minimum number of halide substituents were needed for stabilizing polynuclear 
complexes by adopting bridging binding modes between different zinc centers.
28b
 In the meantime, 
Clyburne and coworkers had reported the crystal structure of (Ph4P
+
)2Et(Cl)Zn(-Cl)2Zn(Cl)Et
2−
 
and thus provided direct evidence for the inferred bridging binding geometry in polynuclear 
zincates.
94 
 
ESI Mass Spectrometry. ZnX2/(LiCl)n. For comparison, the purely inorganic systems 
ZnCl2/(LiCl)n and ZnBr2/(LiCl)n in THF were briefly considered. In the absence of LiCl, not much 
of the mononuclear zincates ZnCl3
−
 and ZnBr3
−
 were observed, but polynuclear complexes, 
ZnnCl2n+1
−
, n = 2 - 5, and ZnnBr2n+1
−
, n = 2 and 3 (Figure 6.1.4.A and 6.1.4.B) were abundant. This 
predominance of higher aggregation states once more points to the effectiveness of chloride and 
bromide in bridging multiple zinc centers. Upon the addition of LiCl, the size distributions of the 
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A B 
zincates strongly shifted to smaller aggregates, with the mononuclear species becoming more 
prominent. Here, the added chloride ions apparently helps in breaking up the higher aggregates.
99
 
Therefore, it is somewhat surprising that with added LiCl the overall ESI signal intensities of the 
zincate ions seemed to decrease, thus being in marked contrast to the behavior observed for 
RZnX/(LiCl)n and Bu2ZnCl/(LiCl)n.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.4.A: Anion-mode ESI mass spectra of 5 mM solutions of ZnBr2/(LiCl)n in THF  
(n = 0 - 2) measured with the HCT ion trap. The ions at 340 ≤ m/z ≤ 770 (particularly prominent for 
1 eq LiCl) corresponded to ZnmBrnCl2m+1−n
−
, m = 2 and 3, n = 2 and 3. The signal intensities were 
normalized to BPh4
−
, whose sodium salt was added as an internal standard (c = 20 M). B: Anion-
mode ESI mass spectra of 5 mM solutions of ZnCl2/(LiCl)n in THF (n = 0 - 2) measured with the 
HCT ion trap. The signal intensities were normalized to BPh4
−
, whose sodium salt was added as an 
internal standard (c = 20 M). 
 
ESI Mass Spectrometry. Zincate Di-anions. As mentioned above, zinc(II) compounds may not 
only form mono-anionic, tricoordinated ate complexes, but also di-anionic, tetracoordinated 
zincates. In none of the present experiments, such di-anionic species were observed. This result 
does not exclude the presence of di-anionic zincates in solution, however. Estager et al. 
demonstrated that ESI mass spectrometry did not detect ZnnCl2n+2
2
 anions present in ionic 
liquids.
96
 This incapability is not surprising, as small di-anions were prone to undergo Coulomb 
fission in the gas-phase. While it therefore cannot be relied on ESI mass spectrometry for probing 
free zincate di-anions, this method can be used for detecting the corresponding Li
+
-paired 
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complexes. Indeed these species were observed, such as LiZn2X6

 and LiPh2Zn2X4

 (X = Cl and Br) 
in some cases (Figures 6.1.3, Table 6.1.1 entry 11, 6.1.4.A, and 6.1.4.B). Similarly, Organ and 
collaborators found related LiBuZnBr3

 and LiZnBr4

 complexes in THF/DMI solutions of 
BuZnBr/(LiBr)2.
93
 These results suggest that (Li
+
)2ZnX4
2
, (Li
+
)2PhZnX3
2
, (Li
+
)2BuZnX3
2
, and 
analogous higher aggregates can form as intermediates in THF or THF/DMI solutions. However, 
the rather low signal intensities of Li
+
-paired dianions
93
 indicate that tetracoordinated zincates 
presumably constitute only relatively minor components of the equilibria operative under the given 
conditions. 
 
Conductivity Measurements. RZnX/(LiCl)n. Measurements of the electrical conductivity ideally 
complement ESI mass-spectrometric experiments because both methods probe the charged 
components present in solution. Solutions of pure BuZnX (X = Cl, Br, I) as well as BnZnBr and 
PhZnBr in THF, prepared as mentioned above, were diluted to a concentration of c  157 mM and 
showed only very low specific conductivities at 258 K (Figures 6.1.5 and 6.1.6, respectively). This 
finding is in full accordance with the low ion yields observed in the ESI mass-spectrometric 
experiments of solutions of these reagents (see above). Note that for the case of BuZnI similarly 
low specific conductivities were measured irrespective of the way how it was prepared (by mixing 
Bu2Zn with ZnI2 or by Zn insertion into BuI). In the presence of n equivalents of LiCl (n = 0.5, 1, 
2), the specific conductivities of the RZnX reagents drastically increased. This increase again fully 
matches the behavior observed by ESI mass spectrometry and the inferred formation of lithium 
butylzincate complexes, which undergo partial heterolytic dissociation according to Eq. 6.1.1. 
Control experiments, in agreement with the literature,
100
 showed that solutions of pure LiCl and 
LiBr in THF displayed only very low specific conductivities; the conductivity of LiI was higher but 
still well below that of BuZnI·LiCl (Figure 6.1.5). Thus, the steep increase in conductivity observed 
upon addition of LiCl apparently indeed reflects the formation of lithium organylzincate complexes. 
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Figure 6.1.5. Specific conductivities of BuZnX/(LiCl)n (filled symbols, X = Cl (circles), Br 
(diamonds), I (squares), c  157 mM, T = 258 K) in THF as functions of c(LiX), X = Cl. In the 
absence of LiCl, specific conductivities  < 7 S cm−1 of BuZnX were measured. The open 
symbols represent the specific conductivities of pure LiX (X = Cl (circles), Br (diamonds), I 
(squares)), shown for comparison. 
 
 
Figure 6.1.6. Specific conductivities of RZnBr/(LiCl)n (R = Bn (squares), Ph (circle), c  157 mM, 
T = 258 K) in THF as functions of c(LiCl). In the absence of LiCl, specific conductivities  < 14 S 
cm
−1
 were measured. For comparison, the specific conductivity of BuZnBr/(LiCl)n (diamonds) in 
THF is also shown. 
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While the individual systems RZnX/(LiCl)n, X = Br and I, all exhibited very similar trends, their 
BuZnCl/(LiCl)n counterpart showed somewhat lower specific conductivities. As already inferred 
from the ESI mass spectrometry experiments, the Li
+
BuZnCl2

 complex appears to have a lower 
dissociation constant. Presumably, the hard Li
+
 cation interacts more strongly with the relatively 
small Cl atoms in the BuZnCl2

 anion than with the larger Br or I atoms of the other zincate 
anions.
28b,101
 The BuZnCl/(LiCl)n system is also special in that here no complicating halide 
exchange reactions could occur. Thus, it offers itself to a more detailed analysis. The measured 
specific conductivity clearly leveled off after the addition of one equivalent of LiCl, indicating that 
almost all of the BuZnCl was transformed to Li
+
BuZnCl2
−
. This finding suggests an appreciable 
association constant Kass. The fact that the conductivity hardly further increased when a second 
equivalent of LiCl was added moreover contradicts the formation of significant amounts of 
BuZnCl3
2−
 di-anions. For fitting the experimental data, the dependence of the conductivity on the 
concentration of the electrolyte must be known. This relation would be straightforward if only 
simple dissociation processes according to Eq. 6.1.1 occurred, but become much more complex if 
the ions form higher aggregates. In the case of the organozincates, both the ESI mass spectrometric 
experiments and the conductivity measurements point to the occurrence of such processes to a 
certain, yet unknown extent. A reliable quantitative analysis of the measured data for the 
BuZnCl/(LiCl)n system thus seems impossible. 
For the Li
+
BuZnICl

 system, the concentration dependence of the molar conductivity  was also 
studied. Starting at very low concentrations, the molar conductivity first declined with increasing 
concentration because ion pairing became more important (Figure 6.1.7). Interestingly, the molar 
conductivity then passed through a minimum and increased at higher concentrations. Two factors 
may cause this increase: (i) At higher concentration, the law of mass action favors the association of 
BuZnI and LiCl to produce the active electrolyte Li
+
BuZnICl

. (ii) With increasing concentration, 
the BuZnICl

 ions can form so-called triple ions, i.e., larger ionic aggregates, which then contribut 
to the molar conductivity.
102
  
To separate these two factors, an effective molar conductivity eff is considered based on the 
concentration of the active electrolyte Li
+
BuZnICl

, Eq. 6.1.2. 
 
eff =  / [Li
+
BuZnICl

]        (6.1.2) 
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Figure 6.1.7. Concentration dependence of the molar conductivity of BuZnILiCl (T = 258 K) in 
THF. The open symbols represented data points obtained from titration experiments, for which the 
extent of hydrolysis could not be rigorously controlled. The filled symbols represented data points 
obtained from measurements at fixed concentrations, for which hydrolysis could be almost 
completely excluded (see Experimental Section for details). Activity coefficients were neglected. 
 
For calculating the actual concentration of Li
+
BuZnICl

, its formation constant Kass was 
approximated by that of Li
+
BuZnCl2

, for which a value of Kass(Li
+
BuZnCl2
) ≈ 100 L mol−1 was 
derived from the 
1
H NMR spectroscopic studies (see below). The resulting eff curve still shows a 
minimum, which is very shallow, though. This minimum is interpreted as evidence for the 
formation of zincate ions in higher aggregation states. Independent support for the presence of such 
complexes is provided by the ESI MS experiments, which detected Bu3Zn3InCl4−n
−
 complexes, n = 1 
and 2 (see above). These species could be formed by the successive reaction of BuZnIX

 with two 
molecules of BuZnCl, Eq. 6.1.3 with X = Cl and I. 
 
BuZnIX

  +  2 BuZnCl       Bu2Zn2IXCl

  +  BuZnCl       Bu3Zn3IXCl2

    (6.1.3) 
 
Conductivity Measurements. Bu2Zn/(LiCl)n. Furthermore solutions of Bu2Zn in THF exhibited 
very low specific conductivities at 258 K (Figure 6.1.8.A). Upon the addition of LiCl, the 
conductivity increased, but much less than for the BuZnCl system. Three different factors may 
account for this deviating behavior: (i) The limiting molar conductivity of Bu2ZnCl
−
 might be lower 
than that of BuZnCl2
−
. However, it seems very unlikely that this difference can be sufficiently large 
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A B 
to cause the observed effect. (ii) The dissociation constant of Li
+
Bu2ZnCl
−
 may be lower than that 
of Li
+
BuZnCl2
−
. Given that the ESI mass-spectrometric experiments point to a reduced aggregation 
tendency of the Bu2ZnCl
−
 ion (see above), this rationalization does not seem plausible either. (iii) 
The equilibrium constant for the association of Bu2Zn and LiCl could be lower than that for the 
association of BuZnCl and LiCl. In line with this explanation, the specific conductivity of the 
Bu2Zn/(LiCl)n system did not level off after the addition of the first equivalent of LiCl but instead 
continued to rise almost linearly (Figure 6.1.8.A). This behavior provides clear evidence for the 
relatively low affinity of Bu2Zn toward chloride ions and thus supports the interpretation of the ESI 
mass-spectrometric results. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.8.A. Specific conductivities of Bu2Zn/(LiCl)n (c  157 mM, T = 258 K) in THF as 
functions of c(LiCl). For comparison, the specific conductivity of BuZnCl/(LiCl)n in THF was also 
shown. B. Specific conductivities of ZnBr2/(LiCl)n and ZnCl2/(LiCl)n (c  157 mM, T = 258 K) in 
THF as function of c(LiCl).  
 
Conductivity Measurements. ZnX2/(LiCl)n. The specific conductivities of ZnCl2 and ZnBr2 in 
THF at 258 K were scanned and were again very low but strongly increased upon the addition of 
LiCl and then leveled off (Figures 6.1.8.B). In the case of ZnCl2/(LiCl)n, a plateau was already 
reached when exactly one equivalent of LiCl was added. This finding indicates a particularly high 
association constant for Li
+
ZnCl3
−
 (higher than for Li
+
ZnBr3
−
 and Li
+
RZnX2
−
). Moreover, the 
observed saturation after the addition of one equivalent of LiCl strongly suggests the absence of 
ZnCl4
2−
 dianions, in contrast to the situation found for ZnCl2-containing ionic liquids.
96
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In the present experiments, the abundant Lewis-basic THF molecules presumably prevent further 
chloride anions from binding to the ZnCl3
−
 complexes.
103
 With respect to the heterolytic 
dissociation of the inorganic lithium zincates, the higher conductivities measured for the 
ZnBr2/(LiCl)n system point to a more facile dissociation of the bromide-containing species. Thus, 
the inorganic Li
+
ZnX3
−
 complexes mimic the behavior of their Li
+
BuZnX2
−
 counterparts. 
 
NMR Spectroscopy. BuZnX/(LiCl)n. In a careful study on lithium tri- and tetramethylzincate 
complexes, Uchiyama et al.
104
 found the 
1
H NMR signals of these species to display large upfield 
shifts in comparison to simple (CH3)2Zn. These upfield shifts correlated with the enhanced 
nucleophilic reactivity of LiZn(CH3)3 and, particularly, Li2Zn(CH3)4 relative to (CH3)2Zn.
104
 The 
chemical shift of the -H atoms thus apparently formed a sensitive probe of the electronic character 
of organozinc compounds and should also provide insight into the interaction of BuZnX with LiCl 
(for experimental details see Chapter 3). In the absence of LiCl, the -H atoms in BuZnCl, BuZnBr, 
and BuZnI exhibited quite similar chemical shifts (Table 6.1.2). For the latter, it did not make any 
difference whether it was prepared by mixing Bu2Zn with ZnI2 or by Zn insertion into BuI, 
indicating that both samples are identical. 
 
Table 6.1.2. 
1
H NMR shifts of the -H atoms of butylzinc reagents in THF−D8 at 296 K. 
 
 
Butylzinc species 
 
 

 
(−H) in ppm 
 
 
BuZnCl 
BuZnBr 
BuZnI
a
 
BuZnI
b
 
Bu2Zn 
Li
+
BuZnCl2
− 
 
 
0.21 
0.23 
0.24 
0.24 
0.14 
0.08 ± 0.01
c
 
 
a
Prepared from Bu2Zn/ZnI2. 
b
Prepared by Zn insertion. 
c
Derived from fit. 
 
Upon the addition of one equivalent of LiCl, the absorption of the -H atoms in BuZnCl shifted 
upfield while the absorptions of the H atoms further away from the Zn center hardly changed 
(Figure 6.1.9). This behavior points to a specific interaction of LiCl with the Zn center and thus is 
fully in line with the inferred formation of a Li
+
BuZnCl2
−
 complex.  
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Figure 6.1.9. 
1
H NMR spectrum of a solution of BuZnCl (c  40 mM) in THF-D8 with and without 
the addition of 1 equivalent of LiCl (T = 296 K). The signal at  0.10 ppm (0 eq LiCl) resulted from 
a contamination with silicon grease. 
 
The upfield shift observed for the -H atoms demonstrates that the zincate species indeed exhibited 
a higher electron density than simple BuZnCl. Solutions of BuZnBr/(LiCl)n and BuZnI/(LiCl)n 
behaved in a completely analogous fashion. Organ and collaborators also found a very similar 
behavior for BuZnBr/(LiBr)n in THF/DMI.
93
  
At higher LiCl concentrations, the chemical shifts of the -H atoms moved further upfield and 
finally levelled off (Figure 6.1.10). This behavior fully matches the results from the conductivity 
measurements and confirmed the hypothesis that exactly one equivalent of LiCl reacts with BuZnX 
to produce Li
+
BuZnXCl
−
; higher adducts, such as (Li
+
)2BuZnXCl2
−
, apparently did not form to a 
significant extent in the sampled concentration range. The fact that only one averaged signal was 
observed for the -H atoms furthermore indicates that the interconversion between BuZnX and 
Li
+
BuZnXCl
−
 occured fast on the NMR time scale. Lowering the temperature to 193 K did not 
resolve the individual NMR shifts of the two components either. 
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Figure 6.1.10. 
1
H NMR shifts of the -protons of BuZnX/(LiCl)n (X = Cl (open triangles), Br 
(filled diamonds), I (open diamonds), c  40 mM, T = 296 K) and of BuZn2/(LiCl)n (crosses),  
c  40 mM, T = 296 K) in THF-D8 as functions of c(LiCl). The solid line represented a fit of the 
BuZnCl/(LiCl)n shifts based on an association constant of Kass = 113 L mol 
−1
. 
 
For a quantitative analysis, it is focused on the BuZnCl/(LiCl)n system to avoid complications by 
X/Cl exchange processes. The simplified model only takes into account the reaction of LiCl with 
BuZnCl according to Eq. 6.1.1 with X = Cl and neglects the formation of higher aggregates.
105
 Thus 
it is assumed that the measured chemical shift corresponds to the average of the shifts of BuZnCl 
and Li
+
BuZnCl2
−
 weighted according to their concentrations. The shift of the former was directly 
observable (Table 6.1.2) whereas that of the latter could be obtained by fitting the experimental data 
on the basis of the law of mass action as well as the association constant Kass. The best fit obtained 
reproduced the experiment reasonably well (Figure 6.1.10) and afforded an association constant of 
Kass = 113      L mol
1
. This finding implies that at synthetically relevant concentrations the 
equilibrium favors the formation of the Li
+
BuZnXCl
−
 complex. The analogous trends observed for 
BuZnBr/(LiCl)n and BuZnI/(LiCl)n suggest a very similar behavior of these systems. In the case of 
BuZnI/(LiCl)n the effect of varying BuZnI concentrations was also investigated and it was found 
that the more concentrated samples required higher amounts of LiCl to reach the full upfield shift of 
the -H atoms (Figure 6.1.11). This observation provides further evidence for the formation of 
specific 1:1 adducts of BuZnX and LiCl (X = I, Cl). 
–40 
+90 
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Figure 6.1.11. 
1
H-NMR shift of the -H atoms of BuZnI/(LiCl)n in THF-D8 as functions of c(LiCl). 
Data for three different concentrations of BuZnI (c ≈ 120 mM (squares), c ≈ 35 mM (circles),  
c ≈ 12 mM (diamond symbols) T = 296 K) were shown. Open symbols represented chemical shifts 
measured for samples with > 25% hydrolysis and were considered less reliable. 
 
Further 
1
H-NMR experiments were employed to probe the active BuZnX (X = Cl, I) in the presence 
of MgCl2 salts. For BuZnX/(MgX2)0.5, X = Cl and Cl/I upfield shifts of Δδ ≤ 0.03 ppm relative to 
simple BuZnCl and BuZnI were observed. It thus appears that MgCl2 salts, though forming adducts 
with alkylzinc halides in some cases,
106
 influence the electronic properties less strongly than the 
LiX salts.  
 
In addition to 
1
H NMR spectroscopy, 
13
C and 
7
Li NMR spectroscopy were also considered as 
possible tools to characterize the complexation of BuZnX by LiCl. With increasing LiCl 
concentration, the shifts of the -C atoms of BuZnCl and BuZnBr moved slightly downfield, thus 
opposing the behavior of the -H atoms (Table 6.1.3). This results may at first sight appear 
surprising because both the -C and the -H atoms supposedly experienced similar local electronic 
environments and might therefore be expected to display parallel trends in their NMR absorbances. 
However, an analysis of the relatively few available NMR data of organozinc compounds reported 
in the literature showed that opposing trends for 
1
H and 
13
C NMR shifts are actually the rule rather 
than the exception for these species.
107,108
 
7
Li NMR spectroscopy of solutions of LiCl in THF-D8 at 
room temperature found a rather small upfield shift of the 
7
Li signal from 0.38 to –0.05 ppm upon 
the addition of one equivalent of BuZnCl. 
 
−40 
+90 
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Table 6.1.3. 
13
C NMR shifts of the −C atoms of organozinc reagents in THF−D8. 
 
 
organozinc species 
 
 
n equivalents of LiCl 
 
 
 (−C)/ppm 
 
at 296 K 
 
 
 (−C)/ppm 
 
at 193 K 
 
 
BuZnCl 
 
 
 
BuZnBr 
 
 
Bu2Zn 
 
 
0 
1 
5 
 
0 
1 
 
0 
1 
 
8.38 
10.31 
10.94 
 
9.71 
11.35 
 
13.33 
13.85 
 
8.30 
9.89 
11.43 
 
- 
- 
 
- 
- 
 
 
NMR Spectroscopy. Bu2Zn/(LiCl)n. Compared to BuZnX, Bu2Zn showed an upfield shift of its -
H atoms (Table 6.1.2), which reflects the enhanced electron density at the metal center and agrees 
with the well-known higher nucleophilic reactivity of diorganozinc compounds.
55
 Upon treatment 
with LiCl, the signal of the -H atoms of Bu2Zn very slightly moved upfield. Unlike the case of 
BuZnX/(LiCl)n, a saturation at a high excess of LiCl was not observed (Figure 6.1.10). Instead a 
continuous, though very small upfield shift was found. This behavior indicates a lower tendency of 
Bu2Zn to add LiCl and form an ate complex, thus being fully in line with the ESI mass-
spectrometric and conductometric findings. 
13
C NMR spectroscopy of Bu2Zn measured an absorption of the -C atom that was shifted 
downfield relative to BuZnX (Table 6.1.3), thus contrasting the trend in the corresponding 
1
H NMR 
spectra. Organ and collaborators reported analogous opposing shifts of the 
1
H and 
13
C signals of 
BuZnBr and Bu2Zn in THF/DMI.
93
 Obviously, this finding is another example of the above 
discussed contrasting trends in 
1
H and 
13
C NMR spectroscopy of organozinc compounds. The 
addition of one equivalent of LiCl resulted in a further downfield shift of the -C atom of Bu2Zn. 
This behavior resembles that of BuZnX/(LiCl)n, but the magnitude of the effect is smaller. This 
finding is interpreted as additional evidence of the lower tendency of Bu2Zn toward complexation 
by LiCl. 
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Conclusion 
 
Using a combination of ESI mass spectrometry, electrical conductivity measurements, and NMR 
spectroscopy, consistent evidence has been obtained that the action of LiCl on organylzinc halides 
RZnX (X = Cl, Br, I) in THF leads to the formation of lithium organozincate complexes 
Li
+
RZnXCl

 and the corresponding Li
+
RZnX2

 species resulting from halide-exchange. These 
complexes can further undergo heterolytic dissociation to afford free Li
+
(solv) and 
RZnXCl

/RZnX2

 ions. At higher concentrations, evidence was found for the presence of 
polynuclear organozincate ions RnZnnXn+1
−
. In the case of R = Ph, ESI mass spectrometry 
furthermore detected small amounts of LiR2Zn2X4

, which can be considered as the Li
+
 adduct of an 
R2Zn2X4
2
 di-anion. This observation indicates that the formation of Li
+
-paired organozincate 
dianions in THF solutions in principle may be feasible. The conductometric and NMR 
spectroscopic results showed that such reactions only occur to a very low extent, however, if ≤ 2 
equivalents of LiX are added. 
Analogous experiments on Bu2Zn/(LiCl)n point to a significantly decreased tendency of 
diorganylzinc compounds to add halide anions and form the corresponding zincate complexes. This 
finding fully explains why LiCl does not activate 
i
Pr2Zn in iodine-zinc exchange reactions.
95
 In 
contrast, the inorganic zinc halides ZnCl2 and ZnBr2 very readily formed zincate anions in the 
presence of LiCl. As the ESI mass-spectrometric measurements demonstrate, these species also 
easily gave polynuclear aggregates, unlike Bu2Zn. The different behavior of ZnX2, RZnX, and R2Zn 
directly correlates with their Lewis acidities. Due to the electronegativity of the halogen atoms, 
ZnX2 has an enhanced Lewis acidity and very easily adds X

 and ZnX3

 anions to form mono- and 
polynuclear zincate complexes, respectively. Substitution of one halogen by a less electronegative 
organyl group reduces the Lewis acidity of the resulting RZnX. Therefore, these species show a 
somewhat decreased affinity toward X

 and ZnRX2

 anions. Finally, the Lewis acidity of R2Zn was 
lowered to such an extent that complexation reactions became unfavorable. Note again that these 
findings are supported by three different, independent analytical methods. The good agreement 
between ESI mass spectrometry and electrical conductivity measurements as well as NMR 
spectroscopy suggests that the former technique indeed is well suitable for probing ion speciation in 
solution. The inferred facile complexation of RZnX with LiX has far-reaching implications for 
organozinc chemistry.  
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ZnX2 + RLi
T ransmetalation
Li RZnX2
Zn + RX + LiX
Knochel 's method
Rieke' s method
ZnX2
+ 2 Li C8H10
+ RX Zn* + RX
+ 2 LiX + 2 C8H10  
 
Scheme 6.1.1. Common methods for the synthesis of organozinc halides RZnX involving LiX and 
thus giving rise to the in situ formation of lithium organozincates. 
 
The association constant of Kass ≈ 100 L mol
−1
 derived for Li
+
BuZnCl2
−
 suggests that at 
synthetically relevant concentrations the lithium organozincate complex predominat. 
The most common synthetic routes to organylzinc halides, i.e., transmetalation of ZnX2 with RLi, 
Knochel’s LiCl-mediated Zn insertion into RX as well as the insertion of Rieke Zn into RX, all 
involve stoichiometric amounts of LiX. It is therefore concluded that the supposedly formed RZnX 
species in reality largely correspond to lithium organozincates Li
+
RZnX2
−
 (Scheme 6.1.1). The 
reactivities of the latter most likely differed from those of simple RZnX species and thus explained 
the pronounced effects of LiX in organozinc chemistry. The described effect of LiX salts plays an 
important role not only in organozinc chemistry, but in magnesium chemistry, too.
109,110
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6.2 Comparison of Lithium Organozincate Complexes with iPrMgCl/(LiCl)n  
 
Introduction 
 
In Chapter 6.1 the importance of investigations of LiX salts effects on the reactivity of organozinc 
halides and diorganozinc compounds is shown. Combined analytical methods, such as ESI mass 
spectrometry, electrical conductivity and NMR spectroscopy were applied and the achieved results 
consistently pointed to the formation of lithium organozincates Li
+
RZnX2
−
. Recently, Knochel and 
co-workers reported that the halogen-magnesium exchange reactions using Mg and stoichiometric 
amounts of LiCl allowed an efficient preparation of organomagnesium reagents.
109
 With the 
development of iPrMgCl/LiCl the general preparation of organomagnesium reagents starting from 
aromatic and heteroaromatic bromides was possible.
110
 The group demonstrated with these results 
the promoter effect of LiCl in the Br/Mg exchange reaction.
109,110
 The promoting influence of LiCl 
on the latter reaction is comparable with the one of LiCl on organozinc species discussed in Chapter 
6.1. To make a comparison between the behavior of organozinc halides and organomagnesium 
halides in the presence of LiCl, the investigation of the iPrMgCl/LiCl system via ESI mass 
spectroscopy, electrical conductivity and NMR spectroscopy was started. 
 
Results and Discussion 
 
Conductivity Measurements. Measurements of the electrical conductivity of solutions of pure 
iPrMgCl in THF showed only very low specific conductivities at 258 K (Figure 6.2.1).111 In the 
presence of LiCl, the specific conductivities of the iPrMgCl reagents drastically increased. Control 
experiments, in agreement with the literature,
100
 showed that solutions of LiCl in THF displayed 
only very low specific conductivities (Figure 6.1.5). Thus, the increase in conductivity observed 
upon addition of LiCl apparently reflects the formation of ionized complexes. The conductivity of 
the iPrMgCl/(LiCl)n reagents increased almost linearly in comparison to the BuZnCl/(LiCl)n 
system, whose measured conductivity clearly levelled off after the addition of one equivalent of 
LiCl, indicating that almost all of the BuZnCl was transformed to Li
+
BuZnCl2

. Experiments on the 
iPrMgCl/(LiCl)n system at elevated temperatures (298 K) showed the expected increase of the 
conductivity (Figure 6.1.5). The general increase of the measured conductivities upon addition of 
LiCl probably points to the formation of magnesate complexes.  
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Figure 6.2.1. Specific conductivities of iPrMgCl/(LiCl)n (c  300 mM, T = 298 K (filled diamonds) 
and c  313 mM, T = 258 K (open diamonds) in THF as functions of c(LiCl). In the absence of LiCl, 
specific conductivities  < 12 S cm−1 at 258 K were measured. For comparison, the specific 
conductivity of MgCl2/(LiCl)n in THF (c  150 mM, T = 298 K (circles) is also shown.  
 
This observation confirms the suggestions of the Knochel group that the iPrMgCl/LiCl complex 
exhibited an ionic structure.
112
 They speculated that the high reactivity of this reagent, in 
comparison to iPrMgCl (see basic Schlenk equilibrium of iPrMgCl, Scheme 6.2.1.A), was due to 
the magnesate character of iPrMgCl/LiCl in THF (see anionic Schlenk equilibrium of iPrMgCl, 
Scheme 6.2.1.B).
110b
 Their quantum chemical model calculations of halogen-metal exchange 
reactions predicted that the energy of the reaction barrier decreased with increased electronic 
saturation at the magnesium center. To increase the effective negative charge at the magnesium 
center through separation of the lithium cation from the magnesate anion they used chelating ethers. 
The employed Li
+
 selective 12-crown-4 ether had no strong effect and therefore only a small rate 
enhancement was observed, but this result indicated that iPrMgCl/LiCl was already an ionic 
reagent, presumably with the formula [Li(THF)4]
+
 [Mg(THF)-(iPr)Cl2]
–
. The anionic Schlenk 
equilibrium (Scheme 6.2.1.B) lies on the left side, but can be shifted to the right side by addition of 
1,4-dioxane and 15-crown-5 ether.
110b
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2 iPrMg(THF)2Cl
+ (n–2) THF
– (n–2) THF
 iPr2Mg(THF)2 +  MgCl2(THF)n
n =2,3,or 4
MgCl2(THF)2 + 2  Li(THF)4 Mg
Cl
THF
+ + 2  Li(THF)4  MgCl3(THF)
Schlenk equilibrium of iPrMgCl in the absence of LiCl
Anionic Schlenk equilibrium/Magnesate equilibrium of iPrMgCl in the presence of LiClB
A
 
 
Scheme 6.2.1.A. Schlenk equilibrium of iPrMgCl in the absence of LiCl. B. Proposed anionic 
Schlenk equilibrium of iPrMgCl in the presence of LiCl.110b 
 
In addition, the specific conductivities of MgCl2 in THF at 298 K were measured. The observed 
specific conductivities were very low but increased almost linearily upon the addition of LiCl 
(Figure 6.2.1). Again, no constant plateau was reached which was the case for the ZnCl2/LiCl 
system, but the MgCl2/(LiCl)n complexes mimic the behavior of their iPrMgCl/(LiCl)n counterparts. 
Because of the low solubility of MgCl2 in THF no experiments at 258 K could be performed. 
 
NMR Spectroscopy. 
1
H-NMR spectra of iPrMgCl (c = 0.300 M) displayed a single set of signals at 
room temperature, which is in good agreement with the literature.
113
 The iPrMgCl reagents obey the 
basic Schlenk equilibrium (Scheme 6.2.1.A) and therefore monomeric iPrMgCl and iPr2Mg co-exist 
over a wide concentration range.
114
 The observation of just a single single set of iPrMgCl signals in 
the 
1
H-NMR spectrum indicates a rapid exchange between these two species. Upon the addition of 
one or five equivalents of LiCl, the signals of the -H atoms in iPrMgCl shifted slightly upfield 
(Table 6.2.1). However, the signals of the H atoms of the methyl groups shifted as well. 
Consequently the absorption of all H atoms shifted upfield and the upfield shifts only derived from 
the addition of LiCl was Δδ ≤ 0.02 ppm relative to simple iPrMgCl. It seems that the electronic 
porperties of the organomagnesium halides are less affected by the addition of LiX salts than the 
organozinc species. The situation is far more complex in comparison to the zincates, as the basic 
Schlenk equilibrium (Scheme 6.2.1.A) and the “magnesate” equilibrium (Scheme 6.2.1.B) have to 
be considered as well.  
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Table 6.2.1. 
1
H NMR shifts of the −H atoms of iPrMgCl/(LiCl)n in THF−D8. 
 
 
entry 
 
 
n equivalents of LiCl 
 
δ (−CH−)/ppm 
 
δ (−CH3−)/ppm 
 
1 
 
0 
 
−0.417 
 
1.22 
2 1 −0.471 1.17 
3 
 
5 
 
−0.495 
 
1.16 
 
 
 
ESI Mass Spectrometry. 
Several extensive attempts were endeavored to detect organomagnesium reagents employing ESI 
mass spectrometry, but only inorganic compounds such as MgX3
–
, LiMgX4
–
 complexes, or related 
inorganic zinc compounds could be detected for iPrMgCl/LiCl and BuZnCl/(MgCl2)0.5 solutions in 
THF.  
 
Conclusion 
 
The interpretation of the obtained results is problematic. Upon addition of LiCl to iPrMgCl 
solutions the electrical conductivity increased and the formation of lithium isopropylmagnesium 
complexes Li
+iPrMgCl2
–
 was assumed. However, the NMR results do not support formation of 
magnesates clearly. Besides, Koszinowski and co-workers were not able to detect any 
organylmagnesium species by ESI mass spectrometry.
115
 Hence, no clear statement about the 
picture of the magnesate can be made in this case. 
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7 Characterization of the Simmons-Smith Reagent 
 
Introduction 
 
Over the past 50 years the Simmons-Smith cyclopropanation reaction has been the subject of 
considerable synthetic investigations.
7b,116,117
 The classical procedure involves treatment of an 
olefin with Zn/Cu couple and CH2I2 to produce the corresponding cyclopropane.
7,118 
In 1966, 
Furukawa and coworkers reported on a more reactive reagent which could be prepared by replacing 
the Zn/Cu couple/CH2I2 system with ZnEt2/CH2I2.
7c,119
 A great deal of work has been accomplished 
to determine the exact nature of the reagents formed in the Simmons-Smith cyclopropanation 
reactions
120
 and several controversies have then reported in literature, although, the formation of 
zinc carbenoids RZnCH2I has been suggested in most cases. In 1996 Charette and co-workers 
characterized the so called Simmons-Smith reagent CH2IZnI by NMR Spectroscopy
121
 and X-ray 
crystallography
122
. In this work the reaction of geminal diiodides with zinc was analyzed by ESI 
mass spectrometry to gain more information about the nature of the Simmons-Smith reagent. 
 
Results and Discussion 
 
Preparation of Geminal Diiodides.
123
 The precursors 1-iodooctane (7.1) and 3-iodopropylbenzene 
(7.2) were prepared from the adequate alcohol via the redox condensation of Mukaiyama.
47
 The 
alcohol reacted with imidazole, triphenylphosphine and iodine to the expected products 7.1 and 7.2 
and could be isolated in 53 and 70% yield, respectively (Scheme 7.1). 
 
I I
R OH
imidazole, PPh3, I2
CH2Cl2, 273 K to rt
R I
7.1, 53% 7.2, 70%  
 
Scheme 7.1. Iodination
47
 via the redox condensation of Mukaiyama. 
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The geminal diiodides were generated from the iodides 7.1 and 7.2 in a nucleophilic substitution 
reaction. At first the base NaHMDS reacts with the diiodomethane to a diiodo anion and after the 
addition of the corresponding iodides the substitution reaction takes place. The gained yields of the 
products 7.3 and 7.5 were acceptable (Scheme 7.2).
48 
 
I
R I
NaHMDS, CH2I2
THF/Et2O (1:1)
R
7.3, 80% 7.5, 67%
183 K to rt, 16 h
I I
II
I
7.4, 23%
I
I
 
 
Scheme 7.2. Preparation of gem-diiodies using NaHMDS = sodium hexamethyldisilazide.48 
 
However, the yield of 1,1,4-triiodobutane (7.4) was quite low and compound 7.6 could not be 
prepared at all with the method of Bull and Charette.
48
 Therefore, reagent 7.6 was synthesized 
according to Hoffmann using LiHMDS at 153 K (Scheme 7.3).
49 
 
LiHMDS, CH2I2
THF, 153 K to rt, 16 h
II
I
I
7.6, 56%
I
 
 
Scheme 7.3. Preparation of gem-diiodies using LiHMDS = lithium hexamethyldisilazide.49 
 
ESI Mass Spectrometry Analysis of the Zinc Insertion Reaction into 1,1-Diiodononane (7.3). 
Preliminary studies started with the zinc insertion reaction of the gem-diiodides 7.3-7.5 with and 
without the addition of LiCl in THF (c = 5 mM). Anion-mode mass spectrometry of these solutions 
showed only the formation of inorganic zinc species in all cases. The absence of organozinc species 
points to the occurrence of hydrolysis and/or oxidation reactions in the highly diluted solutions. At 
the low concentrations of the organometallic reagent employed, even very small residual 
contaminations of water and/or oxygen may become significant. Similar observations had 
previously been made for other organozincate species as well.
28,35,36
 As former studies showed that 
DMF is a good solvent to ionize and stabilize the zinc species (see Chapter 4), the reaction of zinc 
with 1,1-diiodononane (7.3) was performed in DMF. Upon cation-mode ESI solutions of α-
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B A 
iodononyl zinc iodide in DMF afforded ZnC9H18I(DMF)3
+
 and ZnI(DMF)3. Besides, the inorganic 
compounds Na(DMF)3
+
, K(DMF)n
+
 (n = 2 and 3) and (CH3)2NH2(DMF)2
+
 were detected as well 
(Scheme 7.1.A); whereas the latter resulted from the decomposition of DMF. The solvated sodium 
and potassium cations originated from a contamination in the inlet system and/or ESI source and 
from the drying of the THF solvent over sodium and benzophenone. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1.A. Cation-mode ESI mass spectrum of an approx. 5 mM solution of the products formed 
upon reaction of Zn with 1,1-diiodononane (7.3) in DMF measured with the TSQ 7000 instrument, 
a = (CH3)2NH2(DMF)2
+
. B. Anion-mode ESI mass spectrum of an approx. 5 mM solution of the 
products formed upon reaction of Zn with 1,1-diiodononane (7.3) in DMF measured with the TSQ 
7000 instrument. 
 
The assignment as ZnC9H18I(DMF)3
+
 was based on the pronounced isotopic pattern characteristic of 
mononuclear zinc and the fragmentation behavior. Upon CID, the cation ZnC9H18I(DMF)3
+
 lost two 
DMF solvent molecules and a neutral fragment corresponding to a formal carbene to yield 
ZnI(DMF)
+
 (Scheme 7.4.a). The formal carbene may rearrange in a consecutive reaction to an 
olefin or a cyclic alkane. The formation of a carbene would support the carbenoid character of the 
organozinc compounds, which was already assumed for the Simmons-Smith reagents.
124
 Via ESI 
mass spectrometry the structure of the neutral C9H18 cannot be further elucidated. 
Anion-mode ESI of solutions of α-iodononylzinc iodide produced only relatively small amounts of 
the organozincate ZnC9H18I3
–
 (Schem 7.1.B). Intense signals were detected for the inorganic anions 
ZnInBr3−n
−
, n = 2 and 3, I(DMF)3
−
 and I3
−
. 
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ZnC9H18I(DMF)3
– DMF
ZnC9H18I(DMF)2
– C9H18
ZnI(DMF)2
– DMF
ZnI(DMF)(a)
(b)
ZnI2
I
– ZnI2– C9H18
ZnI3 I  
 
Scheme 7.4. (a) Fragmentation reaction of mass-selected ZnC9H18I(DMF)3
+
 (m/z = 563). (b) 
Fragmentation reaction of mass-selected ZnC9H18I3
–
 (m/z = 571). 
 
CID experiments of the organozinc anion ZnC9H18I3
–
 showed the fragmentation into inorganic 
ZnI3

 and a neutral fragment corresponding to a formal carbene (Scheme 7.4.b).  
 
ESI Mass Spectrometry Analysis of the Zinc Insertion Reaction into 1,1,4-Triiodobutane (7.6). 
Cation-mode mass spectrometry of solutions of 1,1,4-triiodobutane (7.6) and its reaction with zinc 
in DMF displayed not only inorganic compounds such as Na(DMF)3
+
, K(DMF)n
+
 (n = 2 and 3) and 
(CH3)2NH2(DMF)2
+
, but also small amounts of organozinc species ZnC4H7I2(DMF)3
+
 and 
ZnC4H8I(DMF)3
+
 (Scheme 7.2.A). Again, the solvated cations resulted from a contamination in the 
inlet system and/or ESI source, from the drying of the THF solvent over sodium benzophenone 
ketyl and (CH3)2NH2(DMF)2
+
 originated from the decomposition of DMF. Upon CID, the cation 
ZnC4H7I2(DMF)3
+
 lost a DMF molecule to yield ZnC4H7I2(DMF)2
+
, which could dissociate into 
ZnC4H7I2(DMF)
+
 and DMF or ZnI(DMF)2
+
 and C4H7I (Scheme 7.5). The neutral fragment of the 
latter corresponded to a formal carbene C4H7I. The cation ZnC4H7I2(DMF)
+
 lost C4H7I as a neutral 
fragment to yield ZnI(DMF)
+
, which could also be generated by the dissociation of ZnI(DMF)2
+
.  
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A B  
 
 
 
 
 
 
 
 
 
 
Figure 7.2.A. Cation-mode ESI mass spectrum of an approx. 5 mM solution the products formed 
upon reaction of Zn with 1,1,4-triiodobutane (7.6) in DMF measured with the TSQ 7000 
instrument, a = (CH3)2NH2(DMF)2
+
. B. Anion-mode ESI mass spectrum of an approx. 5 mM 
solution the products formed upon reaction of Zn with 1,1,4-triiodobutane (7.6) in DMF measured 
with the TSQ 7000 instrument. 
 
– DMF
I
Zn(DMF)3
I
I
Zn(DMF)2
I
– DMF
I
Zn(DMF)
I
– C4H7I – C4H7I
ZnI(DMF)ZnI(DMF)2  
 
Scheme 7.5. Fragmentation reaction of mass-selected ZnC4H7I2(DMF)3
+
 (m/z = 592).  
 
Two different structures were conceivable for the cation ZnC4H8I(DMF)3
+
 (Scheme 7.6.a). CID 
experiments of this cation showed the loss of two DMF molecules and the neutral fragment 
corresponding to a formal carbene C4H8 (Scheme 7.6.b). This behavior is comparable to the 
fragmentation pattern of ZnC4H7I2(DMF)3
+
 and ZnC9H18I(DMF)3
+
. The fragmentation pattern of 
BuZn
+
 (7.8) was discussed in Chapter 4 and the latter dissociated into the C4H9
+
 cation and neutral 
zinc. Therefore, the cation ZnC4H8I(DMF)3
+
 can be assigned to compound 7.7. 
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ZnC4H8I(DMF)3
– DMF
ZnC4H8I(DMF)2
– C4H8 ZnI(DMF)
– DMF
ZnC4H8I(DMF)
Zn
I
Zn
I(a)
(b)
7.7 7.8
 
 
Scheme 7.6. (a) Possible structures of compound ZnC4H8I(DMF)3
+
 (b) Fragmentation reaction of 
mass-selected ZnC4H7I2(DMF)3
+
 (m/z = 592). 
 
The direct zinc insertion reaction analyzed by anion-mode ESI mass spectrometry showed small 
amounts of the zincate ZnC4H7I4
–
 and higher amounts of inorganic anions ZnInBr3−n
−
,  
n = 2 and 3, I(DMF)3
−
 and I3
−
 (Scheme 7.2.B). The overall signal intensity was quite low. Upon 
CID the fragmentation of ZnC4H7I4
–
 into inorganic ZnI3

 and a neutral fragment corresponding to a 
formal carbene was observed (Scheme 7.7).  
 
I
ZnI2
I
– C4H7I
ZnI3  
 
Scheme 7.7. Fragmentation reaction of mass-selected ZnC4H7I4
–
 (m/z = 627). 
 
Conclusion 
 
The preparation of the geminal diiodides worked quite well and their reaction with zinc could be 
analyzed by ESI mass spectrometry. ESI mass spectra of the zinc insertion reactions into 1,1-
diiodononane (7.3) and 1,1,4-triiodobutane (7.6) displayed the detection of organozinc cations and 
anions in DMF. CID experiments showed the formation of a neutral compound corresponding to a 
formal carbene derived from mass-selected organozinc cations and anions. The structure of this 
formal carbene cannot be further elucidated by mass spectrometry. However, the formation of a 
carbene could support the assumption of a carbenoid character of organozinc Simmons-Smith 
reagents. 
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8 Charged Tags as Probes for Monitoring Cross-Coupling 
Reactions by ESI-MS 
 
Introduction 
 
In the Chapters 4-7 the characterization of organozinc halides in solution analyzed by ESI mass 
spectrometry is described. These experiments resulted in the dectection of organozinc cations and 
organozinc anions, whose formal charge is located on the zinc center. As mentioned above, ESI 
mass spectrometry exclusively detects charged species and this feature could be advantageous if 
ionic systems are to be probed selectively. In the case of chapter 4-7, the restriction to charged 
species formed a minor drawback, because neutral organometallics usually prevailed over their 
ionized counterparts. While the fraction of ionized species may be increased by additives that led to 
protonation, deprotonation, or complexation,
125
 these reactions could possibly change the nature of 
the organometallic system under investigation. For instance, protonation will obviously adversely 
affect organometallics sensitive to hydrolysis. In other cases, the use of additives may have more 
subtle effects and could thus lead to less conspicuous artifacts.  
A potentially better approach, pioneered by Colton and Traeger
126
 and the groups of Dyson
127
 and 
Chen
25b,128
, used covalently attached charged tags to make neutral organometallics amenable to ESI 
mass spectrometry. Provided that the charged tags had only low tendencies to form ion pairs with 
the counterions in the chosen solvent, almost the complete population of neutral organometallics 
could thus be ionized.  
Commonly employed tags are quaternary ammonium cation
25,126,128,129,130
 and sulfonate 
anions.
142,131
 In these ions, the charge was spread over several atoms, which not only reduced their 
propensity to ion pairing but also minimized possible interactions with the metal center and 
unwanted changes in reactivity. Most of the examples reported so far bear a charged tag linked to 
coordinating ligands,
132
such as phosphines
127,128a,128c,130
 or carbenes.
128d
 Obviously, this strategy 
was particularly suited for probing transition metal complexes, whereas it could not be applied to 
the detection of main-group organometallics that do not bear coordinating ligands.  
Alternatively, the charged tag could be directly incorporated into an organyl moiety covalently 
bound to the metal center.35,128b,128c,133 This tagging scheme not only enabled the analysis of systems 
lacking coordinating ligands but also lent itself to the analysis of coupling reactions that transferred 
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the organyl moiety with the charged tag and thus ensured straightforward product identification.  
In this chapter it will be shown that organometallics with covalently bound charged tags could be 
accessed by insertion of zinc into charge-tagged organic iodides. The solutions of the reaction 
products were analyzed by ESI mass spectrometry and the obtained results were compared with 
available data for the related untagged systems. Moreover, ESI mass spectrometry was used for 
monitoring cross-coupling reactions of charge-tagged substrates and analyzing their kinetics. 
 
Results and Discussion 
 
Preparation of Charge-Tagged Organozinc Reagents. The extraordinary functional group 
tolerance and unique reactivity of organozinc reagents made the synthesis of charge-tagged 
organozinc reagents possible. Starting from α,ω-diiodoalkanes, a substitution reaction using a 
tertiary amine led to the corresponding charge-tagged alkyl iodide of type 8.1 (Scheme 8.1).
50 
 
 
I
I
NR3
I
R3N
I
8.1
I
Me2BnN
I
8.2 8.3
I
Et3N
I
8.4
I
Bu3N
I
 
 
Scheme 8.1. Synthesis of charge-tagged alkyliodides.
50  
 
According to the general zinc insertion procedure, compound 8.3 could be converted into the 
corresponding zinc reagent in three different solvents (THF, DMF and CH3CN) (Scheme 8.2). 
 
I
Et3N
I
Zn (1.4 eq)
solvent, rt, 12 h
ZnI
Et3N I
THF = 83 %
DMF = 81 %
CH3CN = 78 %
8.3  
 
Scheme 8.2. Synthesis of charge-tagged organozinc reagents in different solvents. 
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As the solubility of the triethyl-(4-iodobutyl)-ammonium iodide (8.3) in THF was marginal, 
although the yield was quite acceptable (83%), zinc insertion reactions in DMF and CH3CN were 
carried out. These solvents turned out to be suitable as they completely dissolved the quaternary 
ammonium salts and allowed an efficient insertion reaction. Thus, the reactions of 8.3 in DMF and 
CH3CN prepared according to the general procedure, afforded the charge-tagged organozinc reagent 
in 81% and 78% yield, respectively. 
 
ESI Mass Spectrometry of Charge-Tagged Organozinc Reagents. Cation-mode ESI mass 
spectrometry of solutions of triethyl-(4-iodobutyl)-ammonium iodide (8.3) in DMF displayed 
C10H23NI
+
 as the major ion (Figure 8.1.A).  
The cationic charged tags employed here were obviously designed for the detection of 
organometallic intermediates by cation-mode ESI mass spectrometry. Nevertheless, analysis of a 
solution of pure reactant RI
+
I
−
 in DMF by anion-mode mass spectrometry showed not only 
inorganic compounds such as I(DMF)n
–
 (n = 1-3) and Ix
–
 (x = 1 and 3), but also small amounts of 
RI3
–
, which indicate that coordination of two I
–
 ions to the quaternary ammonium group can occur 
(Figure 8.1.B) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1.A. Cation-mode ESI mass spectrum of an approx. 5 mM solution triethyl-(4-iodobutyl)-
ammonium iodide (8.3, RI
+
I
−
) in DMF measured with the TSQ 7000 instrument. B. Anion-mode 
ESI mass spectrum of an approx. 5 mM solution triethyl-(4-iodobutyl)-ammonium iodide (8.3, 
RI
+
I
−
) in DMF measured with the TSQ 7000 instrument. 
 
B A 
I E t 3 N 
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B A 
I
NMe3
As test systems for the ESI-analysis of organozinc reagents the charge-tagged triethyl-(4-
iodobutyl)-ammonium iodide (8.3, RI
+
I
-
) and (p-iodophenyl)-trimethylammonium iodide50,134 (8.5, 
ArI
+
I
-
) were chosen. The reaction of zinc dust with the charge-tagged organic iodides 8.3 and 8.5 in 
THF and ESI mass spectrometric analysis of the resulting solutions afforded RH
+
 (Figure 8.2.A) 
and ArH
+
 (Figure 8.2.B), thus indicating conversion of both RI
+
 and ArI
+
, but also complete 
hydrolysis of the charge-tagged organozinc intermediates. 
A comparison of the two reactions shows complete consumption of the alkyl iodide RI
+
 at room 
temperature overnight whereas its aryl counterpart ArI
+
 did not react to completion even at 323 K. 
This lower reactivity of the aryl iodide toward Zn fully agrees with reports in the literature.
17 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2.A. Cation-mode ESI mass spectrum of an approx. 1 mM solution of the products formed 
upon reaction of Zn with triethyl-(4-iodobutyl)-ammonium iodide (8.3, RI
+
I
−
) in THF measured 
with the TSQ 7000 instrument. B. Cation-mode ESI mass spectrum of an approx. 2 mM solution of 
the products formed upon reaction of Zn with (p-iodophenyl)-trimethylammonium iodide (8.5, 
ArI
+
I
−
) in THF at 323 K measured with the TSQ 7000 instrument. 
 
The extreme hydrolysis sensitivity of the charge-tagged organozinc intermediates is surprising 
because previous studies observed related intact zinc species with simple neutral alkyl substituents, 
such as ZnR(THF)n
+
 and ZnRHal2
−
 (R = benzyl and butyl, Hal = Br and I, n = 1-3), under very 
similar experimental conditions (see Chapter 4).
28
,
75,135
 The stability of these ions was further 
enhanced by DMF.
75
 Therefore this solvent was also tested in the reaction of Zn with RI
+
I
−
 and now 
indeed the charge-tagged organozinc species RZnI(DMF)n
+
, n = 1 and 2 could be detected, along 
with some hydrolysis product RH
+
 and a small amount of remaining reactant RI
+
 (Figure 8.3). The 
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organozinc species observed display the stoichiometry expected for Zn(II) compounds and 
moreover provide insight into their solvation behavior. The fact that abundant DMF adducts were 
only found for Zn-containing species but not for RH
+
 or RI
+
 strongly suggest coordination of the 
solvent molecules to the Zn center and not to the quaternary ammonium group. 
The inferred coordination numbers of 3 and 4 agree with results obtained for microsolvated 
alkylzinc cations ZnR(solv)n
+
 (solv = THF, CH3CN, and DMF), for which coordination numbers ≤4 
were observed.
75,62,136
 Presumably, these organozinc species adopt tetrahedral coordination 
geometries in solution but are prone to lose one solvent molecule during the ESI process. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3. Cation-mode ESI mass spectrum of an approx. 1 mM solution of the products formed 
upon reaction of Zn dust with triethyl-(4-iodobutyl)-ammonium iodide (8.3, RI
+
I
−
) in DMF 
measured with the TSQ 7000 instrument. The ion at m/z = 242 corresponded to Na(DMF)3
+
, which 
presumably originates from a contamination of the ESI source. 
 
In line with this conjecture, mass-selected RZnI(DMF)2
+
 (R = 4-triethylammonium-butyl, 
C10H23NZnI(DMF)2
+
) lost the attached solvent molecules quite easily when subjected to gas-phase 
fragmentation (Scheme 8.3). 
 
– DMF – DMF
ZnI(DMF)2
Et3N ZnI(DMF)
Et3N
ZnI
Et3N
 
 
Scheme 8.3. Fragmentation reaction of mass-selected C10H23NZnI(DMF)2
+
 (m/z = 494, 
R
64
ZnI(DMF)2
+
, R = 4-triethylammonium-butyl). 
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Although the used charged tags were designed for the detection of organometallic intermediates by 
cation-mode ESI mass spectrometry, analysis of the products formed upon reaction of Zn with RI
+
I
−
 
in DMF by anion-mode ESI mass spectrometry (Figure 8.4) not only resulted in the detection of 
I(DMF)n
−
 (n = 0 and 1), I3
−
, and ZnI3
−
, but also of small quantities of RZnI3
−
. 
 
 
 
 
 
 
 
 
 
 
Figure 8.4. Anion-mode ESI mass spectrum of an approx. 1 mM solution of the products formed 
upon reaction of Zn with triethyl-(4-iodobutyl)-ammonium iodide (8.3, RI
+
I
−
) in DMF measured 
with the TSQ 7000 instrument. 
 
For RZnI3
−
, three different structures seem conceivable (Scheme 8.4). 
 
ZnI
Et3N ZnI2
Et3N
ZnI3
2Et3NI
I
I 8.6 8.7 8.8  
 
Scheme 8.4. Conceivable structures of the observed anion RZnI3
−
. 
 
In structure 8.6, two I
−
 anions are bound electrostatically to the ammonium group. This type of 
complex is considered less likely because the absence of the analogous ions (RH)I2
−
 and (RI)I2
−
 in 
the mass spectrum indicates a low stability of this binding motif under the ESI conditions applied. 
For the specific experiment shown (Figure 8.5), analysis of the same sample by positive ion mode 
ESI mass spectrometry proves the presence of the hydrolysis product RH
+
 (55% signal intensity 
relative to that of the base peak RZnI(DMF)
+
) and RI
+
 (10% relative signal intensity). Note that the 
anion-mode mass spectrum of a solution of pure RI
+
I
−
 8.3 in DMF showed small amounts of RI3
−
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(Figure 8.1.B), which indicates that coordination of two I
−
 ions to the quaternary ammonium group 
can occur. 
Structure 8.7 contains an organozincate moiety, which closely resembles previously observed 
alkylzincates RZnHal2
−
.
28,75,97
 In structure 8.8, coordination of all three I
−
 anions to the Zn atom 
build up a twofold negative charge at the metal center, which would be energetically unfavorable 
for a linear conformation. However, adoption of a cyclic conformation can permit a stabilizing 
electrostatic interaction between the dianionic ZnI3
2–
 moiety and the cationic ammonium group. 
Fragmentation of mass-selected RZnI3
−
 (C10H23NZnI3
–
) yielded I
−
 and ZnI3
−
 as ionic products 
(Scheme 8.5), which was of limited significance only because the involvement of rearrangement 
reactions seem quite likely. Hence, the experimental results do not suffice for an unambiguous 
structural assignment. 
 
C10H23NZnI3
– C10H23N
ZnI3
– ZnI2
I  
 
Scheme 8.5. Fragmentation reaction of mass-selected C10H23NZnI3
–
 (m/z = 602, R64ZnI3
−
, R = 4-
triethylammonium-butyl). 
 
Monitoring of Coupling Reactions. As shown above, ESI mass spectrometry has permitted the 
tracking of degradation and hydrolysis of organometallics bearing organic substituents with charged 
tags. Obviously, it would be even more interesting to use this approach for analyzing synthetically 
valuable reactions of these species. Therefore, the potential of this analytical method is 
demonstrated by studying the Pd-catalyzed Negishi cross-coupling of ArI
+
 (8.5) with benzylzinc 
bromide (Scheme 8.6). 
 
I
NMe3
I
8.5
ZnBr
Pd(dba)2 (10 mol%)
tfp (20 mol%)
Me3N
CH3CN
 
 
Scheme 8.6. Pd-catalyzed cross-coupling of 8.5 with benzylzinc bromide. Pd(dba)2 = 
bis(dibenzylideneacetone)palladium, tfp = tri-2-furylphosphine. 
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Negishi cross-couplings constitute one of the most versatile tools in modern organic 
synthesis.
21,51,86,
 The mechanism of these reactions therefore has attracted a great deal of attention. 
It is commonly assumed that these reactions start by the oxidative addition of the organic halide to 
the zero-valent Pd (or Ni) catalyst. The resulting insertion product then undergoes transmetalation 
by the organozinc reagent and finally yields the coupling product by reductive elimination.
21b
 For 
these experiments, Pd(dba)2/tfp (bis(dibenzylideneacetone)palladium/tri-2-furylphosphine) in 
CH3CN was employed as catalytic system, which efficiently added ArI
+
. In the presence of 
BnZnBr, the expected coupling product ArBn
+
 could indeed be detected by ESI mass spectrometry 
(Figure 8.5). 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Cation-mode ESI mass spectrum of an approx. 2 mM solution of (p-iodophenyl)- 
trimethylammonium iodide (ArI
+
I
−
, 8.5), BnZnBr (1.2 equiv), Pd(dba)2 (10 mol%), and the ligand 
L = tfp (20 mol%) in CH3CN approx. 15 min after mixing measured with the HCT ion trap. 
 
The identity of this species is confirmed by analysis of its fragmentation pattern (Scheme 8.7) and 
by a control experiment in which BnZnBr was substituted by m-methylbenzylzinc bromide. This 
resulted in a coupling product of an m/z ratio shifted by 14 amu relative to ArBn+. 
 
Me3N
– CH3
Me2N  
 
Scheme 8.7. Fragmentation reaction of mass-selected ArBn
+
 (m/z = 226). 
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−L 
−L 
In addition, smaller amounts of L2PdBn
+
 were produced. Again, this assignment is based on the 
recorded isotope pattern (Figure 8.6), fragmentation experiments (Eqs. 8.1 and 8.2) and on an 
observed mass shift of 14 amu when BnZnBr was replaced by m-methylbenzylzinc bromide.  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6. Isotope pattern of the complex L2PdBn
+
 with the elemental composition C31H25O6P2Pd 
measured with the HCT ion trap (black) and simulated (grey, L = tri-(2-furyl)phosphine). 
 
L2
106
PdBn
+
    →    L106PdBn+       (8.1) 
 
L2
108
PdBn
+
    →    L108PdBn+       (8.2) 
 
The L2PdBn
+
 complex accumulated with time and increased in signal intensity as a function of 
catalyst loading (data not shown here). The genesis of the complex L2PdBn
+
 itself is not obvious. 
One may speculate that in the presence of added ArI
+
 it is formed in a metathesis reaction between 
the insertion product L2ArPdBn
+
 and BnZnBr (Scheme 8.8). 
 
ZnBr
Me3N
Pd
L
L
I
Me3N
ZnX
Pd
L
L
I
 
 
 
Scheme 8.8. Possible reaction to form L2PdBn
+
.  
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In this case, however, one would also expect to observe ArZnX
+
, X = Br and/or I (or degradation 
products thereof), which was not detected.  
Surprisingly, L2PdBn
+
 was even formed to some extent in the reaction of the Pd catalyst with 
BnZnBr in the absence of aryl iodide ArI
+
. However, in this case the abundance of L2PdBn
+
 was 
considerably decreased as indicated by the relatively poor signal/noise ratio. As a consequence, 
additional ions of similarly low absolute signal intensity, such as CuLn
+
 and (LO)nZnBn
+
 (LO = 
C12H9O4P) also became visible; the assignments of these species, which may have originated from 
contaminations, are based on the observed isotope patterns and fragmentation experiments. It might 
be assumed that L2PdBn
+
 could result, in the absence of added ArI
+
, from the transmetalation of a 
Pd(0) species. For related Ni(0) phosphine complexes in the presence of organomagnesium and  
-zinc reagents, Terao and Kambe have suggested the occurrence of transmetalation reactions and 
formation of nickelate anions.
137
 In analogy, the current experiments might potentially produce a 
palladate species (Scheme 8.9). This extremely electron-rich species could then possibly afford the 
observed L2PdBn
+
 cation by anodic oxidation during the ESI process.
138
  
 
Pd PR3R3P
BnZnBr
- ZnBr
Pd
R3P PR3
Bn anodic oxidation
during ESI
- 2 e
Pd
R3P PR3
Bn
 
 
Scheme 8.9. Possible genesis of the observed L2PdBn
+
complex (R = 2-furyl) by anodic oxidation 
during ESI. 
 
Negative ion mode ESI mass spectrometric experiments did not detect any palladate species, 
however, and instead only showed the presence of various zincate complexes (Figure 8.7).  
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Figure 8.7. Negative ion mode ESI mass spectrum of an approx. 2 mM solution of Pd(dba)2, tfp (2 
equiv), and BnZnBr (2 equiv) in CH3CN measured with the HCT ion trap. The ions centered around 
m/z 497 corresponded to ZnBnBr3Cl
−
. 
 
Returning to the actual Negishi cross-coupling reaction between ArI
+
I
−
 and BnZnBr itself, it was 
questionable whether ESI mass spectrometry could also be used to monitor the temporal evolution 
of reactants and products and to derive the rate constant(s) of this reaction. To test for this 
possibility, a mixture of the reactants and the catalyst was prepared and continuously administered 
into the ESI source of the mass spectrometer while recording the positive ion mode ESI mass 
spectrum. Averaging every 50-100 scans then gave a time resolution of approx. 10 s. The resulting 
averaged signal intensities still showed rather high noise levels (Figure 8.8), which directly 
reflected the relatively poor absolute signal stability typical of the ESI process. Nevertheless, the 
obtained time profiles clearly exhibit the opposing trends expected for reactants and products. 
While varying the concentration of the benzylzinc reagent (1.2 - 2.0 equiv relative to ArI
+
I
−
) did not 
have a discernible effect, an increase in the catalyst loading strongly accelerated the decay of 
reactant ArI
+
 (Figure 8.8). This finding points to a rate-determining oxidative addition, which is 
followed by fast transmetalation and reductive elimination steps. The same conclusion can also be 
derived from the fact that the mass spectra showed the simultaneous presence of reactant ArI
+
 and 
product ArBn
+
 but far less of intermediate L2ArPdI
+
, because it was almost completely consumed 
by the fast consecutive reaction with BnZnBr (compare Figure 8.5, although in this case the lower 
concentration of the catalyst helped to suppress the relative signal intensity of L2ArPdI
+
).  
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Figure 8.8. Time dependence of the normalized signal intensities of reactant ArI
+
 (black) and 
product ArBn
+
 (grey) formed in the Pd-catalyzed cross-coupling reaction with BnZnBr in CH3CN 
at room temperature as determined by ESI mass spectrometry. Results of two experiments with 
different catalyst loadings were shown (diamonds: 100 mol%, triangles: 5 mol% relative to ArI
+
). 
The solid lines represented simulated time profiles based on a second-order rate constant of  
k2 = 3.5 L mol
−1
 s
−1
 (see text for details). Time zero corresponded to the start of the ESI mass 
spectrometric experiments, which was approx. 2 min after the mixing of the reaction partners.  
 
Note that an alternative tagging mode that attached the charged tag to the phosphine ligand would 
neither permit the detection of the reactant aryl iodide nor the cross-coupling product and thus 
would be less useful than the present approach. For a quantitative analysis, it was focused on the 
decline of reactant ArI
+
, which according to the used model should proceed under pseudo first-
order conditions (virtually constant concentration of free Pd catalyst). Indeed, the individual time 
profiles of the ArI
+
 signal intensity could be satisfactorily fitted with mono-exponential 
functions.
139
 Correlating the corresponding pseudo first-order rate constants with the concentrations 
of the Pd catalyst in the individual experiments (c(Pd(dba)2) = 10
−4
 to 2 × 10
−3
 mol L
−1
) then gave a 
second-order rate constant of k2 = 4 ± 2 L mol
−1
 s
−1
 for the oxidative addition at room temperature. 
Based on this value, the decline of the ArI
+
signal intensities in Figure 8.8 could be reproduced quite 
well. The derived k2 rate constant was also used to predict the increase of the ArBn
+
 signal 
intensities. Here, it was furthermore necessary to introduce a constant scaling factor to account for 
apparently slightly deviating ESI response factors
79a,140
 of reactant and product ions and/or mass-
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dependent ion transmission and detection efficiencies. The agreement between observed and 
simulated signal intensities of the ArBn
+
 coupling product does not equal that observed for the ArI
+
 
reactant but still is reasonably good.  
The oxidative addition of ArI
+
 to PdL2 (L = tfp) in CH3CN can be compared to the analogous 
addition of simple PhI to PdL2 in THF and DMF. The latter reactions are somewhat faster (k2(THF) 
= 500 ± 200 and k2(DMF) = 99 ± 2 L mol
−1
 s
−1
),
141
 although the presence of the electron-
withdrawing ammonium group in ArI
+
 should activate this substrate for the oxidative addition.
142
 
This comparison suggests that CH3CN significantly slowes down the addition of aryl iodides to 
zero-valent Pd complexes, presumably by binding to the metal center and blocking of a 
coordination site. In line with this assessment, CH3CN is not commonly used as solvent in Negishi 
cross-coupling reactions,
21b
 although its high polarity and volatility make it ideally suitable for the 
present model studies. 
 
Conclusion 
 
Zn reacted with ammonium-tagged organic iodides to give C-I bond insertion and the consumption 
of the latter could be conveniently monitored by ESI mass spectrometry. The detection of the 
resulting organometallic intermediates by ESI mass spectrometry provides detailed information on 
their molecular nature. In all cases, the stoichiometry of the observed species is in accordance with 
the reported chemistry of related systems. Moreover, the proposed charge-tagging approach also 
lends itself to reactivity studies. Unlike a tagging scheme that attached the charge to a coordinating 
ligand, the placement of the tag in the organyl substituent permits the tracking of the fate of this 
moiety and thus, the elucidation of coupling reactions. The feasibility and utility of this approach 
were demonstrated by analyzing the Pd-catalyzed Negishi cross-coupling of ArI
+
 with BnZnBr. 
The results clearly show that here the oxidative addition was the rate-limiting step, for which a 
second-order rate constant of k2=4 ± 2 L mol
−1
 s
−1
 was determined.  
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9 Kinetic Analysis of Palladium-Catalyzed Negishi Cross-Coupling 
Reactions 
 
Introduction 
 
Charged tagged organozinc iodides were employed for Negishi cross-coupling reactions in Chapter 
8. As the solubility of these reagents in THF is rather low, coupling reactions in acetonitrile were 
performed, although the use of acetonitrile in Negishi cross-coupling reactions is uncommon. 
Moreover, the effect of simple salt additives LiX on the efficiency of the palladium-catalyzed 
reactions could not be investigated via ESI mass spectrometry, as the intensity of the added Li
+
 
cations is too high to detect organozinc reagents in the cation-mode, simultanously. To gain further 
insight into Negishi cross-coupling reactions, the latter were performed in THF and analyzed by 
gas-chromatography.  
As mentioned in Chapter 8, the cross-coupling reactions are generally believed to follow the 
catalytic cycle which involves the distinct elementray steps of oxidative addition, transmetalation, 
and reductive elimination.
70
 Recent studies indicated, however, that the conventional catalytic cycle 
was oversimplistic and must be extended to describe Negishi cross-coupling reactions correctly.  
A first set of observations referred to the effect of simple salt additives.
90
 Several groups reported 
that the presence of LiX and MgX2 salts changes the reactivity of RZnX reagents in Pd-catalyzed 
reactions with organic halides.
18,86,92,93,106
 The authors rationalized this effect by the formation of 
lithium organozincates, whose increased nucleophility supposedly accelerated the transmetalation 
step. Alternatively, the LiX salts could possibly also act upon the palladium catalyst. Amatore and 
Jutand have proposed that halide and acetate anions add to Pd(0) centers to form palladate species 
in Heck and cross-coupling reactions,
143
 in such cases, the salt additive would not influence the 
transmetalation step, but the oxidative addition. Note that halide effects
144
 are well-known for 
palladium-catalyzed Heck
145
and Stille
146
 reactions. 
A second finding pointing to the occurrence of reaction pathways beyond the conventional catalytic 
cycle was the observation of homo-coupling products.
147-154
 These synthetically undesired 
byproducts formed by the combination of two organyl groups from the organyl halide or the 
organozinc reagent, Eqs. 9.1.a and 9.1.b, respectively. Various mechanisms have been proposed for 
such reactions.
148,149,150,152
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[Pd] 
[Pd] 
R'X   +   RZnX →       ½ R'2   (+ further products)    (9.1a)  
R'X   +   RZnX →       ½ R2   (+ further products)    (9.1b) 
For a better understanding of palladium-catalyzed Negishi cross-coupling reactions and a 
rationalization of the recently observed salt effects and homo-coupling processes, mechanistic 
studies are necessary. In particular, kinetic analyses appeared indispensable.
155,156
 A kinetic 
investigation is reported for the model reaction between ethyl 4-iodo-benzoate (ArI, 9.1) and a 
series of different butylzinc reagents BuZnX/(LiX)n, n = 0 - 2, with Pd(OAc)2 as catalyst 
precursor
157
 and the sterically demanding phosphine SPhos
158
 as ligand (Scheme 9.2). Note that 
very similar conditions are successfully used in synthetic applications.
51,91,99
 With a catalyst loading 
of 1 mol%, the reaction actually proceeded at such a rate that it can no longer be followed by gas-
chromatographic analysis. One possibility to slow down the reaction would be to reduce the catalyst 
concentration. However, very low catalyst loadings could possibly lead to interferences from non-
catalyzed background reactions or catalyst degradation processes. Instead, the reaction rate was 
reduced by lowering the temperature, thereby also decreasing the likelihood of unwanted 
decomposition reactions. 
9.1, c = 1 mol L–1 9.2
I
O
O BuZnX/LiX (4 eq)
Pd(OAc)2 (1 mol%)
THF, 273 K
O
O
SPhos (2 mol %)
Bu
 
Scheme 9.2. Model reaction investigated. The given reagent and catalyst concentrations referred to 
the standard conditions of the kinetic experiments. SPhos = 2-dicyclohexylphosphino-2',6'-
dimethoxy-biphenyl. 
 
Results and Discussion 
 
Comparison of different BuZnX reagents. Under standard conditions, the reaction between ArI 
and BuZnCl went to completion within the sampled time window of t = 5400 s and afforded the 
expected cross-coupling product in > 95% yield (Figure 9.1), proving the high efficiency of the 
Negishi reaction. As byproducts, diethyl diphenyl-4,4'-carboxylate (Ar2, 9.3) and ethyl benzoate 
(ArH, 9.4) were observed, which resulted from homo-coupling and dehalogenation processes. 
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Because of the low abundance of these byproducts, they are not considered in the present context, 
but their genesis is discussed below.  
 
 
 
 
 
 
 
 
 
 
Figure 9.1. Time profiles of the concentrations of reactant ArI (filled circles) and of the products 
ArBu (cross-coupling product, filled diamonds), ArH (dehalogenation product, open triangles), and 
Ar2 (homo-coupling product, stars) formed in the reaction with BuZnCl (0.40 M) in THF at 273 K 
(catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 mM). 
 
The analogous reactions of ArI with BuZnBr and Bu2Zn occurred at very similar rates (Figure 9.2). 
In contrast, the reaction with BuZnI appeared to be markedly slower. 
 
 
 
 
 
 
 
 
 
 
Figure 9.2. Time profiles of the concentrations of reactant ArI (open symbols, decreasing) and the 
cross-coupling product ArBu (filled symbols, increasing) formed upon reaction with different 
butylzinc reagents (0.40 M, BuZnCl = triangles, BuZnBr = diamonds, Bu2Zn = circles, BuZnI = 
squares) in THF at 273 K (catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 mM). 
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Effect of LiX additives. Upon addition of 1 eq of LiCl to the BuZnCl reagent, the cross-coupling 
reaction was moderately accelerated (Figure 9.3.A). This observation is in accordance with reports 
from the literature.
92,93
 If LiClO4 instead of LiCl was added, the effect became smaller. Apparently, 
the anion and not the Li
+
 cation causes the rate increase. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.3.A. Time profiles of the concentrations of reactant ArI (open symbols) and of the cross-
coupling product ArBu (filled symbols) formed upon reaction with BuZnCl (0.40 M) in the presence 
of different LiX additives (LiCl = diamonds, LiClO4 = squares, no additive = circles) in THF at  
273 K (catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 mM). B. Time profiles of the concentrations of 
reactant ArI (open symbols) and of the cross-coupling product ArBu (filled symbols) formed upon 
reaction with BuZnBr (0.40 M) in the absence (circles, catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 
mM) and presence of LiBr (diamonds, 0.40 M , catalyst precursor: Pd(OAc)2/2 SPhos, 0.33 mM) and 
LiBr (0.40 M)/ZnBr2 (0.10 M) (squares, catalyst precursor: Pd(OAc)2/2 SPhos, 0.33 mM), 
respectively, in THF at 273 K. 
 
Compared to simple BuZnBr, the presence of 1 eq of LiBr also led to an acceleration of the model 
reaction (Figure 9.3.B). This acceleration is not impaired by the addition of extra ZnBr2 (Figure 
9.3.B). In the case of BuZnI, which by itself reacted rather slowly, the treatment with LiI had a 
particularly strong effect and thus lends itself to a more detailed analysis. An increase of the LiI 
concentration gave rise to a gradual rate enhancement (Figure 9.4). As a result, the reaction of ArI 
with BuZnI/LiI proceeded at a rate comparable to those observed for BuZnCl/LiCl and 
BuZnBr/LiBr.  
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Figure 9.4. Time profiles of the concentrations of reactant ArI (open symbols) and of the cross-
coupling product ArBu (filled symbols) formed upon reaction with BuZnI (0.40 M) in the presence 
o different concentrations of LiI (0.80 M LiI = diamonds, 0.20 M LiI = triangles, 0.05 M LiI = 
squares, no LiI = circle) in THF at 273 K (catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 mM). 
 
Rate-determing step. Previous studies of palladium-catalyzed cross-coupling reactions arrived at 
different results with respect to the nature of the rate-limiting step. For the Pd(PPh3)4 catalyzed 
reaction of aryl bromides with arylzinc reagents, Mayr, Knochel, and coworkers provided data 
consistent with a rate-determining oxidative addition.
159
 In contrast, theoretical calculations by 
Chass et al. predicted the transmetalation to be the rate-limiting step in the Pd/PEPPSI mediated 
reaction of alkyl halides with alkylzinc halides.
160
 These deviating findings indicate that the rate-
determining step cannot be identified a priori, but that each case must be analyzed individually. 
For the present model reaction, already the qualitative shape of the time profile of reactant ArI 
contained valuable information. As the BuZnX reagent was present in threefold excess compared to 
ArI (0.4 versus 0.1 M), its concentration did not significantly change during the course of the 
reaction. Moreover, the concentration of the catalyst was also expected to remain constant in an 
ideal scenario (for deviations from this ideal behavior, see below). On the basis of the conventional 
catalytic cycle (Scheme 9.1), one would therefore expect pseudo-zeroth order kinetics if either the 
transmetalation or the reductive elimination were the rate-limiting step. In agreement with this 
assessment, simulations for both cases show essentially linear decreases of the ArI concentration 
(Figure 9.5). Clearly, this behavior does not match that observed in our experiments. If, in contrast, 
the oxidative addition is rate-determining, pseudo-first order kinetics result and the simulation 
accordingly featured an exponential decay (Figure 9.5). For all butylzinc reagents employed, the 
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latter resembles the measured concentration profiles much more than linear decreases, thus pointing 
to the oxidative addition as rate-limiting step. 
 
 
 
 
 
 
 
 
 
 
Figure 9.5. Simulated time profile of the concentration of reactant ArI in the model reaction for 
three different scenarios based on the conventional catalytic cycle (Scheme 1): (a) oxidative 
addition rate-limiting (k(ox. add.) = 1 M1 s1, k(transmet.) = 1000 M1 s1, k(red. elim.) = 1000 s1), 
(b) transmetalation rate-limiting (k(ox. add.) = 200 M
1
 s
1
, k(transmet.) = 0.2 M
1
 s
1
, k(red. elim.) = 
200 s
1
), (c) reductive elimination rate-limiting (k(ox. Add.) = 50 M1 s1, k(transmet.) = 50 M1 s1, 
k(red. elim.) = 0.05 s1). 
 
To test the hypothesis with respect to the rate-determining step further, kinetic measurements for 
various concentrations of the butylzinc reagent and the catalyst were performed. Increasing 
c(BuZnCl/LiCl) from 0.4 to 0.7 M did not accelerate the reaction significantly (Figure 9.6.A), in line 
with the butylzinc reagent not being involved in the rate-limiting step. The small rate decrease 
observed for c(BuZnCl/LiCl) did not contradict this interpretation, but presumably mainly reflects 
the break-down of the approximation of a constant BuZnCl/LiCl concentration (Figure 9.6.A). 
Variation of the Pd(OAc)2/2
 
SPhos concentration proves that, as expected, the catalyst participates 
in the rate-determining step. Also note that no cross-coupling products were detected in the absence 
of the catalyst. In additional experiments the SPhos/Pd(OAc)2 ratio was also varied. Somewhat 
surprisingly, changing the ratio from 2:1 to 4:1 accelerated the cross-coupling reaction, whereas an 
increase to 8:1 did not have any further effect (Figure 9.6.B). This observation could indicate that 
an excess of the SPhos ligand is needed to drive the complexation equilibrium with the in situ 
formed Pd(0) species to saturation. In the present experiments, any complications were avoided by 
keeping the SPhos/Pd(OAc)2 ratio and the absolute catalyst concentration fixed. 
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Figure 9.6.A. Time profiles of the concentrations of reactant ArI (open symbols) and of the cross-
coupling product ArBu (filled symbols) formed upon reaction with different concentrations of 
BuZnCl/LiCl (c = 0.70 M (diamonds), 0.40 M (squares), and 0.20 M (circles) in THF at 273 K 
(catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 mM). B. Time profiles of the concentrations of reactant 
ArI (open symbols) and of the cross-coupling product ArBu (filled symbols) formed upon reaction 
with BuZnCl (c = 0.40 M) in presence of catalyst precursor Pd(OAc)2 (1.00 mM)/2 SPhos (circles), 
Pd(OAc)2 (1.00 mM)/4 SPhos (squares) and Pd(OAc)2 (1.00 mM)/8 SPhos (diamonds) in THF at 
273 K.  
 
Homo-coupling and dehalogenation by-products. For the present model system, the homo-
coupling and dehalogenation side reactions occurred to only minor extents and did not substantially 
compromise the yield of the cross-coupling product. Nonetheless, these processes form valuable 
mechanistic probes and thus deserve a closer analysis. At t = 0, i.e., before the addition of the 
catalyst, the measured concentrations of Ar2 and ArH were negligible in all cases. This observation 
shows that these byproducts cannot form in the absence of the catalyst. Upon addition of the latter 
to a solution of ArI and BuZnCl, the concentration of the dehalogenation product ArH 
instantaneously shooted up whereas that of the homo-coupling product increased with a short time 
lag (Figure 9.7). Very similar concentration profiles were also found for reactions with the other 
butylzinc reagents (data not shown here). 
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Figure 9.7. Time profiles of the concentrations of the dehalogenation product ArH (open symbols) 
and of the homo-coupling product Ar2 (filled symbols) formed upon reaction of ArI with BuZnCl 
(0.40 M) in the presence of different LiX additives (LiCl = diamonds, LiClO4 = squares, no additive 
= circles) in THF at 273 K (catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 mM). Note that ArH 
resulted from ArZnCl by a hydrolysis reaction during the aqueous work-up before the gas-
chromatographic analysis. 
 
The delayed formation of Ar2 might indicate that it originated from the dehalogenation product. 
Most likely, the latter actually corresponded to ArZnX in its native state and furnished the detected 
ArH species only due to hydrolysis during the aqueous work-up before the gas-chromatographic 
analysis. For a closely related system, Lei, Wu, and coworkers have confirmed the inferred genesis 
of ArH by deuterium-labeling experiments.
152
 Given that the formation of ArZnX required the 
presence of the palladium catalyst, it is proposed that it orginated from the conventional 
transmetalated LnPd(Ar)Bu intermediate by an aryl/alkyl exchange with BuZnX (Scheme 9.3); this 
key step resembles an aryl/aryl exchange reaction suggested by Lei, Wu, and coworkers
152
 and 
seems more probable than an aryl/alkyl exchange between LnPd(Ar)I and BuZnX. While the 
concomitantly generated LnPdBu2 supposedly underwent reductive elimination,
161
 ArZnX could 
transmetalate LnPd(Ar)I (formed from the primary oxidative addition of ArI) to yield LnPd(Ar)2. 
The latter then released the homo-coupling product Ar2 in a reductive elimination and regenerated 
the catalyst. Note that for the LnPd(Ar)Bu intermediate, the aryl/alkyl exchange reaction affording 
ArZnX directly competed with the reductive elimination of the ArBu cross-coupling product. 
Therefore, increasing the BuZnX/catalyst ratio should favor the formation of the dehalogenation 
product. The measured concentration profiles of ArH indeed clearly followed the predicted trend 
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(Note that not all data of the dehalogenation and homocoupling product are shown here). As 
expected, the behavior observed for the coupling product is more complex because its formation 
involved the reaction with a further palladium species (Scheme 9.3). 
 
 
 
 
 
 
 
Scheme 9.3. Proposed genesis of the byproducts ArZnX and Ar2. 
 
A comparison of the reactions employing BuZnCl, BuZnBr, and BuZnI showed that similar levels 
of dehalogenation and homo-coupling products were afforded. In contrast, Bu2Zn gave much higher 
amounts of these byproducts. The presence of LiCl (Figure 9.7), LiBr/ZnBr2, and LiI also gave rise 
to increased levels of ArH and Ar2, whereas the treatment with LiClO4 or additional SPhos had the 
opposite effect. The presence of LiBr (without added ZnBr2) somewhat suppressed the 
dehalogenation reaction, but enhanced the homo-coupling. These different tendencies toward the 
formation of side products presuambly largely reflect the different efficiencies of the aryl/alkyl 
exchange reactions between the butylzinc reagents and LnPd(Ar)Bu. For example, the particularly 
high amount of byproducts observed for the reactions employing Bu2Zn can be ascribed to its 
enhanced electron density, which should favor the exchange of a butyl substituent for the less 
electron-rich aryl group. 
 
Kinetic modeling.
162,163
 Further insight could be gained from a quantitative analysis of the 
measured concentration profiles. Such an analysis is challenging due to the formidable complexity 
of the model system. Therefore a stepwise approach was chosen: First, the cross-coupling reaction 
path was considered and the minor side reactions affording the dehalogenation and homo-coupling 
products was neglected. In the second step, the derived simplified model was extended by also 
including the side reactions. The large amount of experimental data finally permitted extensive 
cross-checks and a critical analysis of the modeling results. 
Depending on the nature of the rate-determining step, the conventional catalytic cycle predicts 
linear or exponential decreases of the ArI concentration in the model reaction (see above). Although 
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the simple exponential decay (expected for the oxidative addition being rate-liminting) mimics the 
measured data better than a linear decrease (expected for the transmetalation or the reductive 
elimination being rate-limiting), it fails to reproduce the experiment in a satisfactory manner (Figure 
9.8, light grey line).  
 
 
 
 
 
 
 
 
 
 
Figure 9.8. Time profile of the concentrations of reactant ArI (filled symbols) in the reaction with 
BuZnCl/LiCl (0.40 M) in THF at 273 K (catalyst: Pd(OAc)2/2 SPhos, 1.00 mM). Fits for three 
different kinetic models are shown: conventional catalytic cycle without catalyst deactivation 
(Scheme 9.1, light grey line), catalytic cycle modified by irreversible reaction with the butylzinc 
reagent (grey line), and catalytic cycle modified by reversible reaction with the butylzinc reagent 
(black line). 
 
The origin of this failure can be traced back to a bimodal nature of the measured concentration 
profiles. As a close inspection showed, all obtained ArI curves exhibit a steep decrease for the very 
first data points (t ≤ 120 s) and then displayed a significantly slower decline for longer reaction 
times. The initial steep decrease was particularly pronounced for the experiments that employed 
Bu2Zn, BuZnCl/LiCl, and BuZnBr/LiBr, and those that use a higher SPhos/Pd(OAc)2 ratio; in 
contrast, it was least distinct for the reactions with BuZnI. The question arose whether this behavior 
could possibly result from an artifact. It was considered both imperfect mixing after addition of the 
catalyst and an imperfect temperature control. A poor mixing of the reaction solution should lead to 
a rate decrease, but not to an increase, however, and, thus, cannot explain these observations. For 
checking for a possible overheating of the the reaction mixture, its temperature was monitured. The 
temperature actually rose by T < 2 K after the addition of the catalyst and then slowly fell to its 
initial value again. This rather small change appears insufficient to cause the observed effect. 
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In further control experiments, the concentration of the active BuZnX reagents was determined after 
completion of the model reaction and further reactant ArI was added. Iodometric titration
39 
found 
the expected amount of BuZnX and, thus, excluded the occurrence of hydrolysis or other 
decomposition reactions. Upon the addition of further ArI, the cross-coupling restarted again and 
thereby proves that the catalyst is still active in the reactions with BuZnCl/LiCl and BuZnI/LiI. The 
renewed reaction appeared to be slower than at the very beginning, though. This behavior points to 
a partial deactivation of the catalyst directly after its addition to the solution of ArI and the 
butylzinc reagent; such a deactivation can also explain the consistently found bimodal behavior. 
The present kinetic experiments alone obviously could not identify the nature of the inferred 
deactivated catalyst. Previous theoretical calculations on a related Negishi cross-coupling reaction 
suggest, however, that Pd(0) species could form complexes with zinc compounds.
143
 It seemed 
possible that similar complexes were also generated in the present experiments, thus leading to the 
partial deactivation of the catalyst. If an irreversible formation of an inactive, complexed catalyst is 
assumed, the corresponding fit reproduced the measured data better than the simple exponential 
decay, but overestimated the ArI concentration at long reaction times (Figure 9.8, dark grey line). 
Including the reverse reaction (dissociation of the complexed catalyst) in our preliminary kinetic 
model leads to an almost perfect agreement of the resulting fit with the experiment (Figure 9.8, 
black line). The same kinetic scheme also affords satisfactory to excellent fits for all other kinetic 
measurements. The full kinetic model (Scheme 9.4) can now be constructed by combining the 
conventional catalytic cycle (k1-k3) with the reactions causing deactivation of the catalyst (k8 and k9) 
and those affording the dehalogenation and homo-coupling products (k4-k7). 
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Scheme 9.4. Full kinetic scheme used for the modeling. 
 
The obtained fits reproduced the measured kinetic data quite well (Figure 9.9), which perhaps is not 
surprising, given the considerable flexibility of the model.  
 
 
 
 
 
 
 
 
 
 
Figure 9.9. Time profiles of the concentrations of reactant ArI (filled square) and of the products 
ArBu (cross-coupling product, filled diamonds), ArH (dehalogenation product, open triangles), and 
Ar2 (homo-coupling product, open circles) formed in the reaction with BuZnCl/LiCl (0.40 M) in 
THF at 273 K (catalyst precursor: Pd(OAc)2/2 SPhos, 1.00 mM) together with fits based on the 
kinetic model defined in Scheme 9.4. 
Kinetic Analysis of Palladium-Catalyzed Negishi Cross-Coupling Reactions    106 
 
 
Within the kinetic model, the rate constant of the oxidative addition (k1) should be the same in all of 
the experiments. This constancy was fulfilled only very approximately, with 10 ≤ k1 ≤ 100 L mol
−1
 
s
−1
 for the far majority of the fits. Apparently, the model applied achieved merely a semiquantitative 
description of the experiment. The rate constants derived for the transmetalation and the reductive 
elimination (k2 and k3, respectively) are quite high and associated with large uncertainties; this 
finding corroborated the hypothesis that these reactions are not rate-limiting. Similarly high rate 
constants with large uncertainties were also obtained for the reactions affording the dehalogenation 
and homo-coupling products (k4-k7). The rate constants determined for the complexation of the 
catalyst and the back reaction (k8 and k9, respectively) exhibit comparably smaller relative 
uncertainties and, thus, permitt a meaningful analysis. The ratio k8/k9 corresponds to the equilibrium 
constant Kcomplex, which is of the order of Kcomplex ≈ 10
2
 L mol
−1
. This value suggests that under the 
given experimental conditions most of the catalyst is present in its deactivated form (once the 
equilibrium was reached). The derived constants Kcomplex also seem to depend on the nature of the 
BuZnX reagent and the presence of salt additives. The addition of LiCl, LiBr, and LiI lowered 
Kcomplex and thus reduced the extent of catalyst deactivation. This trend is in line with the more 
pronounced initial steep decrease of the ArI concentration observed in the experiments with added 
X (X = Cl, Br, and I, see above). Two factors can account for this behavior: (i) The presence of LiX 
leads to the formation of butylzincate species Li
+
BuZnX2
−
,
85,93,94,97,110
 which may be less likely to 
deactivate the palladium catalyst by complexation. (ii) The added LiX can stabilize the active 
catalyst by coordination, thus yielding LnPdX
−
 palladate species.
143
 The involvement of palladates, 
which have been neglected in this kinetic model, may also explain the imperfect consistency of the 
fitting results. 
 
Conclusion 
 
Kinetic experiments showed that the palladium-catalyzed cross-coupling between ArI and the 
butylzinc reagents BuZnCl, BuZnBr, and Bu2Zn yielding ArBu occurred with high efficiency; only 
the reaction with BuZnI was significantly slower. In agreement with previous reports,
92,93
 the cross-
coupling reactions can be accelerated by the addition of lithium halides LiX, whereas LiClO4 had a 
smaller effect. The model reaction showed a high chemoselectivity and afforded only small 
amounts of dehalogenation and homo-coupling byproducts (< 10% except for the case of Bu2Zn).  
Concentration-dependent experiments point to the oxidative addition as the rate-determining step of 
the model reaction. The same result is also derived from a qualitative analysis of the time profiles of 
Kinetic Analysis of Palladium-Catalyzed Negishi Cross-Coupling Reactions    107 
 
 
the ArI concentrations. A closer inspection showed that these time profiles are bimodal, with a steep 
initial decrease and a slower decline at longer reaction times. Such a bimodal nature cannot be 
explained by the conventional catalytic cycle, but instead indicats the operation of additional 
processes. The observed reaction slowdown is ascribed to a deactivation of the catalyst after its 
contact with the BuZnX reagent. If the reversible formation of such deactivated complexes is 
included in the kinetic model, the observed bimodal behavior is correctly reproduced. In the full 
kinetic model, not only the reversible catalyst deactivation is incorporated, but also those reactions 
that gave rise to the dehalogenation and homo-coupling byproducts. The fits calculated with this 
model describe the measured concentration profiles of all detected species quite well. The internal 
consistency of the derived rate constants is only modest, however. Possibly, the imperfect 
performance of the model resulted from the neglect of further reaction pathways. Nonetheless, 
quantitative analysis fully corroborated the notion that the oxidative addition corresponds to the 
rate-determining step of the model reaction. It is the LnPd(0) state upon which the salt additives act, 
either directly by stabilizing it, or indirectly by impairing its deactivation. 
As the present example shows, kinetic experiments performed under realistic reaction conditions 
can provide valuable information. Spectroscopic studies aiming at the identification of catalytic 
intermediates promise complementary insight. With the combination of these different approaches, 
it can thus be hoped to achieve a comprehensive understanding of the Negishi reaction. 
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10 Summary 
 
The research topic of this thesis was the detailed characterization of organozinc intermediates. To 
do so, conventional analytical methods, such as NMR spectroscopy and electrical conductivity 
measurements, and especially electrospray ionization (ESI) mass spectrometry were employed, the 
latter being a particulary useful tool to probe ionic intermediates. Tandem mass spectrometry was 
applied to study the reactivity of mass selected ionic intermediates in the gas phase. Hence, it could 
be observed how the reactivity of these zinc species was affected by bound solvent molecules, 
different ligands and aggregation states on a molecular level. The thus gained mechanistic insight 
will provide a good way to the development of new synthetic methods in the future and catalyst 
optimization. 
As a start, solutions of butylzinc iodide in THF, acetonitrile, and DMF were analyzed by ESI mass 
spectrometry and micro-solvated BuZn(solvent)n
+
 cations, n = 1-3 were detected, in all cases. 
Anion-mode mass spectrometry analysis of these solutions in THF and DMF showed presence of 
the organozincate anions ZnBuI2
−
. Similar results were obtained for the experiments of BnZnBr and 
RZnI (R = Me, iPr) in THF. It was assumed that these formed ions were generated by 
disproportionation of neutral RZnX (R = Me, iPr, Bu, and Bn) (Eq. 10.1). 
 
2 RZnHal (solv)       RZn
+
 (solv) + RZnHal2
−
 (solv)   (10.1) 
 
The main driving force for this reaction was believed to be the coordination of the Lewis-basic 
solvent molecules to the RZn
+
 cation. The ability of the different solvents to ionize the butyl zinc 
iodide compounds decreased in the order DMF > THF > acetonitrile. Upon CID additional insight 
on the stabilization of the RZn(solvent)n
+
 cation was gained. The cations lost the attached solvent 
molecules to form bare RZn
+
, which further dissociated into R
+
 cation and neutral Zn (Eq. 10.2). 
 
RZn(solv)n
+
    RZn+ + n solv    R+ + Zn + n solv    (10.2) 
 
The same behavior was also found for RZn(H2O)
+
, which originated from the reaction of RZn
+
 with 
background water. To gain further insight into the interaction of organozinc cations with different 
Lewis bases, the effect of chelating ligands was investigated.  
The addition of bidentate chelating ligands (1,2-dimethoxyethane L1, N,N-dimethyl-2-
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methoxyethylamine L2, and N,N,N′,N′-tetramethylethylenediamine L3) to THF solutions of 
butylzinc iodide largely displaced THF from the coordination sphere of the metal center and formed 
preferentially mononuclear chelate complexes BuZn(ligand)
+
. Gas-phase experiments resulted in 
the fragmentation of BuZn(ligand)
+
 by elimination of butene and formation of the hydridozinc 
cations ZnH(ligand)
+
 (Eq. 10.3). 
 
BuZn(ligand)
+
    ZnH(ligand)+ + C4H8      (10.3) 
 
This fragmentation behavior was in stark contrast to that of the micro-solvated BuZn(solvent)n
+
 
complexes and proved that the chelating ligands bound much more strongly to the zinc center than 
the probed solvents. It could be suggested that the energy gained from the chelation exceeded the 
barrier associated with the elimination of butene. This difference in reactivity resembled the 
situation in organozinc solution chemistry, where chelating ligands were needed to activate 
dialkylzinc compounds for the nucleophilic addition to aldehydes.  
 
Next, a combination of ESI mass spectrometry, electrical conductivity measurements, and NMR 
spectroscopy was used to investigate the effect of LiCl on solutions of organylzinc halides RZnX  
(R = Bu, Bn, Ph; X = halogen) and dibutylzinc in THF. In the case of RZnX, the addition of LiX (X 
= Cl) led to a steep rise of the ESI signal intensities of RZnX2
−
. Besides, the electrical 
conductivities strongly increased and the NMR absorptions of the -H atoms of BuZnX shifted 
upfield. These results consistently pointed to the formation of lithium organozincates Li
+
RZnX2
−
. 
As the most common syntheses of RZnX reagents involve stoichiometric amounts of LiX salts, 
Li
+
RZnX2
−
 complexes are supposedly widespread and may hold the key to understanding the 
marked effects of LiCl on the reactivity of organozinc halides. In contrast, it was found that Bu2Zn 
had a much lower tendency to add LiCl and form ate complexes. This result was in line with the 
weak effect of LiCl on the reactivity of diorganozinc compounds reported in the literature.
95
 The 
used analytical methods were also applied for the investigation of the LiCl effect on solutions of 
iPrMgCl. The situation was in this case far more complex. Although the electrical conductivities 
strongly increased upon addition of LiCl, the -H atoms of iPrMgCl just shifted insignificantly and 
the analyses of iPrMgCl solutions by ESI mass spectrometry resulted only in the detection of 
inorganic magnesium halides. These results did not allow a satisfying statement of the aggregation 
of this magnesium reagent. 
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Furthermore, several geminal diiodides were prepared from the corresponding iodides and their 
reactions with zinc in DMF were analyzed by ESI mass spectrometry. The measurements resulted 
in the detection of organozinc cations and anions. Upon CID the formation of a neutral fragment 
corresponding to a formal carbene was observed. The detection of a carbene would support the 
carbenoid character of the organozinc compounds, which was already assumed for the Simmons-
Smith reagents. 
 
Organic iodides bearing a cationic quaternary ammonium group at a remote position were 
synthesized and allowed to react with zinc. The resulting charge-tagged organometallics could be 
detected by ESI mass spectrometry, which provided detailed information on their stoichiometry and 
coordination sphere. Moreover, the proposed charge-tagging approach also lent itself to reactivity 
studies. A Pd-catalyzed Negishi cross-coupling of an ammonium-tagged organyl iodide with 
benzylzinc bromide was performed (Scheme 10.1) and the consumption of the electrophile and the 
formation of the product could be conveniently monitored by ESI mass spectrometry. 
 
I
NMe3
I
8.5
ZnBr
Pd(dba)2 (10 mol%)
tfp (20 mol%)
Me3N
CH3CN
 
 
Scheme 10.1. Reaction of 8.5 with benzylzinc bromide as test system for monitoring cross-coupling 
reaction using ESI mass spectrometry. 
 
The results clearly showed that here the oxidative addition was the rate-limiting step and the 
second-order rate constant could be determined.  
 
At last, gas chromatography was used to study the kinetics of the palladium/SPhos-catalyzed 
Negishi cross-coupling reaction of ethyl 4-iodo-benzoate with various butylzinc reagents in THF 
(Scheme 10.2).  
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9.1 9.2
I
O
O BuZnX/LiX (4 eq)
Pd(OAc)2 (1 mol%)
THF, 273 K
O
O
SPhos (2 mol %)
Bu
 
Scheme 10.2. Model reaction investigated. 
Concentration-dependent experiments as well as kinetic modeling consistently pointed to the 
oxidative addition as the rate-determining step of these reactions. The bimodal nature of the 
measured kinetic profiles moreover indicates that the contact with the butylzinc reagents partially 
deactivates the catalyst. Salt additives, such as LiCl, LiBr, and LiI, counteract this deactivation and, 
thus accelerate the cross-coupling reaction. Added salts also affect the formation of dehalogenation 
and homo-coupling byproducts, which are observed in only rather small abundance, though. 
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